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PREFACE 


Ever since it has been known that cells respire the chi^ prob- 
lem connected with respiration has been to determine which 
part of the bving matter is autoxidizable. If the combustible 
substances in the cell are not autoxidizable, and if the cell 
material itself is not, with what then does the molecular 
oxygen, which is absorbed by the respiring cell, react ? 

The answer to the problem lies in the autoxidizable ferrous 
iron complex which is oxidized to ferric iron by molecular 
oxygen and transformed again to ferrous iron by the reducing 
action of the cell constituents- 

The long road at the end of wliich this explanation lay started 
with the experiments of Edmund Davy, who in 1820 discovered 
the oxidizing action of finely divided platinum— the first model 
for cell respiration. In 1857 Claude Bernard observed that after 
cyanide poisoning, venous blood was bright red, and he thus 
discovered the specific inliibitijon of cell respiration by cyanide. 
In 1885 MacMunn using the spectroscope reported in all cells 
‘from Echinoderms to man throughout the animal kingdom’ 
the presence of histohaematins and he noted their oxidizing 
actions. In 1896 John Haldane observed by colorimetric 
analysis of carbonylhaemoglobin that the carbon monoxide 
appeared to be more firmly bound in winter than in summer 
and so discovered the photochemical dissociation of carbon 
monoxide-iron compounds. In 1923 the oxidation of amino - 
acids adsorbed on blood charcoal was discovered. This was 
‘iron catalysis on surfaces’, catalysis, which like cell respiration, 
could be non- specifically inhibited by narcotics and specifically 
by cyanide. In 1926 the discovery was made that carbon 
monoxide inhibits cell respiration and that light diminishes this 
action. In 1928 the absorption spectrum of the oxygen trans- 
porting enzyme was determined using light of different wave- 
lengths on the carbon monoxide inliibited reaction. 

These are the most important stages, the seven pillars on 
which our knowledge is based. No one who has seen these 
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experiments will question the existence of oxygen transporting 
iron—the enzyme which has contributed jnore than any other 
to tl^e explanation of life, but which has as yet not been isolated. 

In Addition to oxygen transporting iron I have also dealt with 
the oxygen transporting copper complex of the phenol oxidases, 
the hydrogen producing iron catalyst of the butyric acid 
bacteria, the heavy metal of yeast zymohexase discovered in 
1942, and finally, the heavy metal of the chloroplasts and its 
function in the photo-reactions discovered in 1944. 

Thus it can be recognized that oxygen transporting iron has 
not only provided the solution to a great biological problem, 
but is also the key to the understanding of further and no less 
important aspects of life. 

The last chapter does not deal with heavy metals. It is a 
report on experiments which I finished in the Spring of 1945 — 
the swan song of the Kaiser-Wilhelm-Institut fur Zellphysio- 
logie. 

0. W. 

Berlin-Dahlem^ December 1946 
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CHAPTER I 
DAVY’S MODEL 


1. Edmund Davy’s experiments 

In 1820 Edmund Davyj foimd that alcohol in aqueous solution 
is oxidized at room temperature to acetic acid by atmosplieric 
oxygen when a small amount of finely divided platinum is 
added to the solution. Tins discovery aroused much interest, 
as the platinum was reacting under conditions corresponding 
to those of acetic acid fermentation. Since then, finely divided 
noble metals have been used as models for oxidizing enzymes 
and much work has been done in investigating the analogy with 
biological oxidations . The scientific instinct of such investigators 
as Berzelius,'! Schonbein,§ and Brcdig|| persuaded them to 
regard such an analogy as being more than coincidental. 
Heavy metal catalysis at surfaces, brought about in model 
experiments by platinum and in biological processes by iron, 
has finally been the answer to their questions. 

2. Wieland’s experiments on Davy’s model 

In 1012 Heinrich Wieland!! began an investigation of Davy’s 
model with a view to explaining the chemical mechanism of the 
oxidizing action of platinum. Tic found that the reaction took 
place in two stages. In the first stage the metal combined with 
the hydrogen of the substrate. In the second, molecular oxygen 
oxidized the hydrogen combined Avith the metal . If we consider, 
for example, the® oxidation of hydroquinone by molecular 
oxygen and palladium, then according to Wieland the mechan- 
ism would be 

hydroquinone + Pd ~ quinone + PdHg 

Pdir^ + o^^Pd + HA* 

t Edmund Da^Wi Tmnaact, Royal Soc. London, 1820, Part I, p. 108. 

X iTakob Berzelius, Jahresber. iiber <L Fortschr. d. phys. 15, 237 {183(5}, 

§ (’Kristian Friedrich Schonbeiu, Joimi, prakt. Chem, 89, 22, 323 (1863); 
105, 198 (1868). 

i| Breflig et al., Z.f, physikalische Okem. 31, 258 (1899) ; 37, 1, 448 (1901). 

tt Heinrich Wieland, Ckem. Rerichte, 45, 484 (1912); 46, 3327 (1913). 

5111 « 
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[Ch. I, § 2 

The second of these reactions, the union of hydrogen 'and 
oxygen, was known to be catalysed hv platinum metals.f 
Wieland believed that the proof of the first reaction taking 
place" fay in the fact that when he shook hydroquinone with 
palladium in the absence of oxygen he found that quinone was 
formed, and that the palladium had combined with an equiva- 
lent amount of hydrogen. 

In the same way, Wieland showed that many other substances 
such as glucose could be oxidized by palladium in the absence 
of oxygen. In this particular case, carbon dioxide as well as 
hydrogen resulted. 

If, however, one examines Wieland ’s results more closely it 
is apparent that the oxidations in the absence of oxygen do not 
proceed beyond the decomposition of a small amount of sub- 
strate even wdien a large excess of palladium is present. Thus 
1-8 g. of glucose, after being shaken for 10 hours with 16 g. of 
palladium, gave only 0*058 g. of carbon dioxide. 

Wieland overcame this difficulty with the suggestion that the 
dehydrogenation was reversible, but it is obvious that this 
explanation cannot be right in the case of glucose, since the 
formation of carbon dioxide from glucose is an irreversible 
process. 

3. Personal investigations 

In 1924 we applied the manometric technique to the Davy 
model and were able to study quantitatively}; the questions 
which, up till then, had only been dealt with qualitatively. 
First w^e investigated the hydrogen-oxygen reaction with 
palladium. We found that the addition of hydrogen cyanide 
raised the yield of hydrogen peroxide [found to be only a few 
per cent, by Traubc§] to 60 per cent., and we showed that the 
equation ^ pq q. 

expressed the true mechanism of the reaction. 

On this basis one should also find hydrogen peroxide in the 

t Moritz Traube, Chem. B&richU, 22, 1496 (1889) [p. 1509]. 

X Kanicki Tanaka, Bioch, Z. 157 , 425 (1925). 

§ Moritz Traube, (Jhtm. Berichte, 22, 1496 (18B9). 
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oxidation of alcohol with palladium, and certainly in the 
presence of hydrogen cyanide. In no case, however, did we 
find even a trace of hydrogen peroxide when we shook aqueous 
solutions of alcohol with palladium. 

We concluded, therefore, that the Wieland theory of the 
Davy model could not be right, and that in the Davy experi- 
ment the oxygen had reacted with the metal, the oxidation of 
alcohol being brought about by palladium oxide. It appears 
to us that this view is not incompatible with the assumption 
that it is molecular hydrogen on the palladium which reacts 
with molecular oxygen since the oxidation of molecular hydro- 
gen and of hydrogen bound chemically to carbon cannot be 
comparable reactions. 

In replying, Wielandf did not accept this point of view. He 
left unanswered the question as to why hydrogen peroxide is 
found in the oxidation of molecular hydrogen on palladium 
and not in the oxidation of alcohol under similar conditions. 

4. Experiments of Gillespie and Liu 

In 1931, nineteen years after their publication, the Wieland 
results wore re-examined. 

Gillespie and Liuf reasoned thus. In a saturated solution of 
hydroquinone, the hydrogen pressure amounts to 10“^* atmo- 
spheres. On the other hand, palladium forms only a loose com- 
bination with hydrogen. Therefore, on thermodynamical 
grounds metallic palladium camiot dehydrogenate hydro- 
quinone. The quinone formation observed by Wieland must, 
therefore, have a different explanation. 

Wieland prepared his palladium by reduction of the chloride 
in alkaline solution with formic acid, so that there was a danger 
of the precipitated palladium coritaining palladium hydroxide 
as impurity. In order to avoid this impurity Gillespie and Liu 
prepared their palladium by another method, namely, by heat- 
ing palladousamraine in a current of hydrogen. Whilst Wicland’s 
palladium immediately formed quinone from hydroquinone in 

f Heinrich Wieland and F. G. Fischor, Chem. BericJite, 59, 1180 (1926). 

J L. J, Gillespie and T. H. Liu, J. Amer. Chem. Soc. 53, 3969 (1931). 
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the absence of oxygen, no quinone was observed with Gilles^pie’s 
palladium until oxygen was available. Thus it was shown that 
VVieland’s palladium was not free from oxygen, and that his 
so-cafjed oxygen -free oxidation was brought about by palladium 
oxide. This naturally explained the low yields in Wieland’s 
experiments described above. 

But there remained unexplained why Wieland found in his 
oxygen-free oxidations both products of the dehydrogenation, 
not only the dehydrogenated substrate, but also the hydrogen 
which had been removed. This question, which was not con- 
sidered by Gillespie and Liu, is apparently to be answered as 
follows : 

Wieland previously treated with hydrogen the palladium 
which he used for his dehydrogenation experiments in order to 
be sure that it contained no oxygen. The hydrogen content of 
aliquots of the palladium preparation was then determined 
by heating in a stream of carbon dioxide both before and 
after the dehydrogenation. The difference gave tlie hydrogen 
which had been removed by the dehydrogenation of the sub- 
strate. 

Let us see how an impurity of palladium oxide wuuld affect 
the reaction under these conditions. By heating in the carbon 
dioxide the palladium oxide and the hydrogen would react with 
one another, and less hydrogen would be found than the pre- 
paration originally contained, but after the palladium oxide 
had been used for a dehydrogenation — ^for example, the oxidation 
of hydroquinone to quinone— then on heaiting in the carbon 
dioxide less palladium oxide would be available to react with 
the hydrogen, so that the hydrogen content of the palladium 
would have apparently increased in the course of the dehydro- 
genation, and moreover by an amount equivalent to the quan- 
tity of substrate which had been dehydrogenated. This follows 
because the reacting substance was palladium oxide in both the 
oxidation of the substrate and in the oxidation of the hydrogen. 

PdO + hydroquinone = Pd -f quinone -f HgO 
PdO -f H2 = Pd H- H2O. 



5 


Ch/l, § 5J BIOLOGICAL OXIDATION PROCESSES 
5. Application to biological oxidation processes 

The oxygen-free palladium and its oxidizing action were the 
basis of the well-known Theory of Biological Oxidation’ which 
Wielandf advanced in 1912, and which was considere(!P for a 
decade as offering the solution to the problem of biological 
oxidation. The oxidation enzymes according to Wieland are 
not like palladium in being capable of removing hydrogen from 
the organic substrate, but they activate the hydrogen so that 
it will react with molecular oxygen. For example, if we let H* 
represent the activated hydrogen of the substrate, e.g. sugar, 
amino-acid, or fat, then the general equation for a biological 
oxidation would be: 

/H* 

Rx -[- Og = R + H2O2. 

\h* 

In 1923 I challenged the theory because in so far as it con- 
cerned the reaction mechanism of molecular oxygen it was 
incompatible with the oxygen transfer brought about by iron.| 
The theory w^as also incompatible with the oxygen-transporting 
mechanism associated at a later date witli copper and with tlie 
yellow enzymes, in fact, with all oxygen-transporting enzymes. 
When an enzyme transports oxygen the molecular oxygen reacts 
with the enzyme and not with the substrate. The theory of 
biological oxidation has proved to be just as erroneous as the 
conclusions drawn from the palladium experiments which gave 
rise to it. 

Wieland§ has not recanted either in respect of the palladium 
experiments or oS his theory of biological oxidation. He has, 
however, more and more emphasized that it was immaterial 
what the oxygen and what the substrate reacted with. All 
that mattered was that the oxidation of the substrate took place, 
not by the uptake of oxygen, but by the loss of hydrogen. And 
so the theory, the object of which had been to define the reaction 
mechanism of the molecular oxygen, became pointless. 

t H. Wielaiid, Chem, Berkhte, 45, 484 (1912) j 46, 3327 (1913); Ergebnisse 
der Physiolbgie, 20, 477 (1922); Liebigs Annalen, 445, 181 (1925). 

t 0. Warburg, Bioch. Z. 142, 518 (1923). 

§ A. Bert ho, Ergebnisse der Enzymforschung, 2, 204 (1933). 
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Oxidation by dehydrogenation was no theory, but a generally 
recognized fact which no one would dispute. As far back as 
1862 Adolf Streckerj" had observed that alloxan and amino- 
acidsY3act together when in aqueous solution at room tempera- 
ture. Tndem das Alloxan durch Aufnahme von Wasserstoff in 
Alloxanthin iibergeht, erfolgt die Oxydation des Alanins und 
des Leucins zu Aldehyde, Kohlensaure und Ammoniak.’ In 
1911 Wilhelm TraubeJ had shown that quinone can be used as 
the dehydrogenator instead of alloxan. And from a biological 
point of view even more important was the discovery in 1885 by 
Paul Ehrlich§ that methylene blue in the living cell is converted 
by the uptake of hydrogen into leuco-methylene blue, acting 
therefore as an oxidizing agent by removing hydrogen. 

If the Wieland theory had been based on nothing more than 
these results, science would have escaped the ten-year-long 
polemic over oxygen transporting iron. Oxygen transporting 
iron and oxidation by dehydrogenation are not incompatible. 
On the contrary, ‘oxidation by dehydrogenation’ can almost be 
regarded as a consequence of oxygen transporting iron, for 
when molecular oxygen has oxidized the ferro iron to the ferri 
state it has played its part in respiration. All further oxidations 
must proceed anaerobically and these oxidations can only be 
brought about through loss of electrons or loss of hydrogen. 

t Adolph Strecker, Liebigs Annalm, 123, 363 (1862). 

i Wilhelm Traube, Chemische Berichte, 44, 314,5 (1911). 

§ Paul Elirlich, Das SauerstoJJbcdiirfms des Organismus. Berlin, 1885, 



CHAPTER II 


ACTION OF NARCOTICS ON CHEMICAL PROCESSES 
IN THE CELL 

1. Researches of Claude Bernard 

In his lectures on biological processes Claude Bernardf de- 
scribed how fermentation by living yeast cells is inhibited by 
chloroform and restored on washing out the chloroform. He 
also observed the same phenomena with oxygen evolution in 
irradiated living plants. Claude Bernard thereby discovered 
that narcotics reversibly inhibit chemical processes in the 
cell. 

Claude Bernard also believed that, in contrast to fermentation 
and carbon dioxide assimilation, oxygen respiration was not 
inhibited by narcotics. This was an error caused by faulty 
technique. 

2. Limiting concentrations of narcotics 

E. OvertonI determined for a large number of narcotics the 
concentratio7is which were just enough to inhibit the movement 
of tadpoles swimming in water. Overton called these concentra- 
tions, which were present in partition equilibrium with the 
cells, the limiting narcotic concentrations and found, for 
example, the following values : r - 

^ L^m'lt^ng concentralion 

of narcotic 
molejlitre 


Methyl alcohol . . . 0-57 

Ethyl alccAol . . . 0-29 

Propyl alcohol . . . 0-11 

Butyl alcohol . . . 0*038 

Ainyl alcohol . . . 0*023 

Methylurethane . , . 0*27 

Ethylurethane . . . 0*041 

Phony lurethane . . . 0*0006 

Acetone .... 0*26 

Methylpropylketone . . 0*019 

Methylphonylkotono . . 0*0009 


t Claude Bernard, Legons sur les phenom^nes de la vie, commune a^lx anirnauz 
et aux v^,g4tauxt Paris, 1885 (pp. 276--9). 

t E. Overton, Studien uber die Narkose, Jena, 1901. 
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The movement of protozoa and the streaming of plasnfa in 
plant cells are also reversibly inhibited by narcotics. The 
limiting narcotic concentrations for such inhibitions are, how- 
ever, \iccording to Overton, six to ten times as great as those 
for the paralysis of tadpoles. A narcotic which paralyses 
tadpoles only in saturated solution will therefore not narco- 
tize protozoa or plant cells. At the conclusion of his work 
Overton asks tlie question whether narcotics inhibit chemical 
processes in the cells. Overton confirmed the observation of 
Claude Bernard that the oxygen evolution on exposing green 
plant cells to light is inhibited by narcotics. Whetlier also the 
aerobic respiration is also inhibited was, according to Overton, 
uncertain. 


3. The half-value narcotic concentration 

AVe have quantitatively investigated the action of narcotics 
on metabolic processes in colls, using manometric methods. We 
have confirmed thereby Claude Bernard’s observation relating 
to fermentation and carbon dioxide assimilation. We also 
found that the aerobic respiration is inhibited by ncr colics. If 
the half- value concentration is defined as that concentration 
of a narcotic which reduces the rate of a chemical process to 
half its value, then the respiration — and fermentation— in- 
hibiting half-value cojiceritrations are generally the same. The 
assimilation inhibiting half-value concentration is, however, 
considerably smaller than that for the respiration or fermenta- 
tion. It is worthy of note that this is independent of the nature 
of the cell. If the same physical explanation — a change in the 
nature of the surfaces — is valid for all narcotic phenomena, 
then the variability of the half- value concentration figures 
would show that the inhibition of each biological process is a 
problem in itself. In no case, however, is the inhibition of 
the oxygen respiration the primary cause of any narcotic phe- 
nomena. 

For the respiration of avian red blood cells the following half- 
value concentrations were found: 
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Methyl alcohol . 

Half-mluelf 
co7t('.mtration 
• molejlitre 

5-0 

Ethyl alcohol 

1-6 

Propyl alcohol 

0-8 

Butyl alcohol 

0-15 

Amyl alcohol 

O' 045 

Methylurethane . 

1-3 

E thy lure thaiio 

0-33 

Propylurethaue . 

013 

Butylurethurio 

0043 

Phenyhirethane . 

0 0043 

Methylal 

O' GO 


Acetal 

Half-value-\ 

concentration 

molejlitre 

014 

Acetono 

000 

Mothylpropy Ike tone 

017 

Mothylphenylkctono 

0014 

Acotonitrilo 

0-85 

Propionitrilo 

0-36 

Valeroiutrile 

000 

Dirnethylurca 

1-4 

Diethyluroa 

0-52 

Phenyliirea . 

0018 


For the fermeniatioii of yeast cellsj tlie following values 


obtained : 


Ethylurethano 

Half -value 
conce7itration 
nwlcjlUre 
0-41 

Propylurcthane 

010 

Butylurethane 

0-06 

P heny lurethane 

0-006 

Propionitrilo 

0-73 

Valeronitrile 

0-084 

Metliylpropylketone 

0'23 

Methylphenylketone 

0-014 

Diinethylurea 

TO 

Diethylnrea . 

0-43 

Phenylurea . 

0-037 


were 


For the respiration and assimilation of the alga, Chlorella,§ 
\VG found the following half-value concentrations (mole per 
litre). 



lie^spiration 

Assimilation 

Methylurethane . 

1-2 

0-40 

Ethylurethano 

0-78 

0-22 

J’ropylurethane . 

0-10 

005 

Butylurothano . . i 

0-043 

0-017 

Amylurethane . . : 

0-032 

0-012 

Phenylurethane . . I 

0-006 

00005 


t 0. Warburg, ZJ.physiolog. Ckem. 69, 452 (1910); 70, 413 (1911); 71, 479 
(1911).^ 

J A.'Dorner, Z.f. physiolog, Chemie, 81, 99 (1912), 

§ O. Warburg, Bivch, Z. 100, 230 (1919); 103, 188 (1920). 
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4. Homologous series 

The following amines are examples pf substances whose 
inhibiting action is not a narcotic inhibition.'!* We found the 
follmvlhg values for the respiration of avian red blood cells. 


Ammonia 

Half-value 

concentration 

molejUtre 

0-02 

Moiiomothylamiiio 

001 

Dimefchylamine 

0-01 

Trimethyl amine . 

0'02 

Triethylamine 

001 

Propylamine 

001 

Allylamine . 

0-01 

Ainylamine . 

001 

Benzylamino 

0-02 

Piperidine . 

001 


From the results for such a homologous series it can be con- 
cluded that the amino group determines the inhibitory action. 
An increase in potency as a homologous scries is ascended is 
characteristic of narcotic action, and serves primarily to define 
such an action. 


5. Choice of narcotic 

Since for the inhibition of a oliemical action in the cell a 
higher narcotic concentration than is necessary for producing 
nerve paralysis is required, wc find that narcotics exist, the 
solubihty of w'hieh is sufficient to cause cerebral narcosis, but 
which are not capable of inhibiting respiration and fermentation. 
For the inhibition of chemical reactions in t}ie cell, therefore, 
the last -mentioned compounds of the Overton series are un- 
suitable. Also such substances as chloroform, ether, and toluene 
are unsuitable for reversible inhibition of chemical reactions in 
the cell because they plasmolize the cells at concentrations 
which lie near the respiration-inhibiting or fermentation-in- 
hibiting values. They cause, therefore, irreversible inhibition. 
Chloroform and toluene in saturated solution are not narcotics, 
but antiseptics. 

t Eduard Grafe, Z.J. physiolog. Chem. 79, 421 (1912). 
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I^avc dealt first with the narcotic inhibition of chemical 
reactions in the cey because in what follows the specific 
inhibitions play a large part. Specific inhibitions cannot be 
recognized if one is unable to differentiate them from ncircotic 
inhibitions. 



CHAPTER III , 

ACTION OF HYDROGEN CYANIDE ON CHEMICAL 
REACTION IN THE CELL 

1. Researches of Claude Bernard 

Claude Bernard| discovered that cyanide inhibits cell respira- 
tion and that the inhibition is reversible. 

En faisant respirer de Tacide prussiqne a un animal, on voit que 
son sang veineux devient rutilant. Quelqucfois, Ic Icndemain dc la 
mort on retro uve encore la meine coloration dans le sang du coeur. 

Bien que la qiiantite de Pacido respirco soit cxtremcmcnt minim e, 
le chien est tres malade. Si d’ici quelques instants il ne succombe pas 
rapidoment, il rcviendra a une sante parfaite. 

Mitscherlich, devant qui Ton parlait un jour des effets de I’acide 
pnissique, regardait son action comme ties -mysterious e et attachait 
a son explication une grande importance. 

Die hellrote Farbe des Venenblutes [according to Hoppe- Seylor’sJ 
comment on the work of Claude Bernard] kann nur darin ihre 
Ursache habcn, dass das Blut auf scincm Wcg diirch die Gcfasso 
keinen Sauerstoff an die Gelassvvande ahgibt, und hierfiir ist keine 
andere Ursache deukbar, als dass die Oxydation suspe^idiert ist. 

2. A simple experiment to demonstrate the inhibition of 
respiration by cyanide§ 

Three little tubes of the type shown in Fig. 1 are filled with 
defibrinated chicken blood saturated with air. Tubes 1 and 2 
serve as controls. Hydrogen cyanide is added to tube 3 so that 
the concentration is 1/1000 N. 

Tube 1 is placed in ice-water, 2 and 3 in water at 38k After an 
hour tubes 2 and 3 are also cooled in ice-water, and the contents 
of all three tubes well mixed with the help of a glass bead. 

On comparing the tubes the contents of 1 are seen to be 
bright red since the chicken blood cells do not respire at 0°. 
Tube 2 is dark red because the chicken blood cells respire at 38°. 

t Claude Bernard, Lemons sur les effets des substances toxiques, Paris, 1857. 

X lioppe-Seyler, Mediz.-Chem. Untersuchungen, Berlin, 1866, Part I, p. 10. 
§ 0. Warburg, Z,f. ^hysiolog. Ckemie, 70, 413 (1911). 
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TuUb 3 is bright red like 1, since the N/1000 hydrogen cyanide 
inhibits the respiration. The criticism that the hydrogen 
cyanide might possibly react with oxyhaemoglobin 
and make it incapable of liberating its oxygen is not 
tenable since the oxyhaemoglobin was present in 
about ten times excess over the cyanide. Actually, 
hydrogen cyanide does react with methaemoglobin, 
but under the conditions of this experiment not Avitli 
oxyhaemoglobin or haemoglobin. 

If, after the comparison of the colours of the tubes 
is made,'!' the oxygen of the oxyhaemoglobin is deter- 
mined by setting it free with ferri cyanide according to 
the Haldane method, it is found that in tube 2 about 
one-third of the oxygen , and in tubes 1 and 3 no oxygen, 
has been respired. N/1000 hydrogen cyanide tliere- 
fore completely inlubits the respiration of cliicken red blood cells. 

3. Ionization of hydrogen cyanide 

According to the tables of Landolt-BOrnstein the dissocia- 
tion constants of hydrogen cyanide are : 

[H+irCN^l 

[HCN] 

Afc 18" . . 4-7 X 10"^“ inulo/litro 

„ 25" . . 7-2 X 10-1“ 

„ 40" , . 15-7xlO-^'> 

The degree of dissociation at pH l-i) is therefore: 



K 



Afc 18" 

0015 

25" 

0-022 

„ 40" 

0-05 


It is apparent from this that at physiological pH and tem- 
perature any cyanide added to a solution is really present as 
undissociated hydrogen cyanide. 

4. The Bunsen absorption coefficient of hydrogen cyanide 

If X c.nim. cyanide are added from the side tube of a mano- 
metric measuring vessel to excess acid contained in the vessel 
f Morizo Onaka, Z.f. physiolog. Chemie, 70, 433 (1911); 71, 193 (1911). 
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proper, and a pressure h is developed, then the Bunsen ab^or^)- 
tion coefficient a of the hydrogen cyanide can be calculated 
from the equation 


T/ ^ t T7 


We found a = 240 at 20® and in M/2 KH2PO4 solution. Know- 
ing a, the partial pressme of the hydrogen cyanide in contact 
with the aqueous solution can be calculated. For example, 
taking a — 240 (at 20® in M/2 phosphate solution) 

Partial pressure 
of HCN 

10"* N HCN in solution . . A — 0-9 x 10"^ atmos. 

10-=* N „ . . /i= 0-9x10-* „ 

10-2 N „ „ . . A -0-9x10-2 „ 

It is obvious that tlie partial ]jressure of liydrogen cyanide 
measured manometrieally is negligible when the concentration 
of the free hydrogen cyanide in the aqueous solution is not 
greater than 10-® N. In spite of this, however, the ])ressure of 
hydrogen cyanide with very dilute solutions is great enough to 
permit of the complete removal of hydrogen cyanide from neu- 
tral aqueous solutions by aeration. For the same reason hydro- 
gen cyanide will distil from the main vessel into the inner tube 
of a manomotric a])y)aratus, if the inner tube contains potassium 
hydroxide. H. A. Krebs| lias therefore advised the addition of 
enoughpotassium cyanide to the potassium liydroxide in the inner 
tube to eciuilibiate the vapour pressure in the t\v o con\partu\ents . 


5. Methods of determination 

The best method of determining the hydrogen cyanide action 
is the manomotric estimation with jiaired vessels. The method 
was described in 1924, § and was so improved in 1931 1| that it is 
suitable for the determination in all cases. The assumption is 
made that the cells introduced into both vessels are of the same 

t 0 . Warburg, Bioch. Zeitschr. 189, 3D4 (1927), p. 373. 

X H. A. Krebs, Bioch. Journ. 29, 1620 (1935). 

§ 0. Warburg, Bioch. Zeitschr. 152, 51 (1924). 

}| 0. Warburg et al., Bioch. Zeitschr. 242, 170 (1931). 
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quality, a condition wViich is easily arranged when isolated cells 
such as yeast, red ]jlood cells, bacteria, or single- cell green 
algae are being used. The cells are brought to a homogeneous 
suspension which is added from a pipette to both vessels. •When 
tissue is being investigated, very thin slices are necessary. If 
the tissue is too tough to be cut, the manometric method is not 
suitable, and the older and more troublesome methods must 
be used. This involves, for example, the perfusion of organs 
together with the determination of the oxygen and carbon 
dioxide or lactic acid in the inflowing and outflowing blood. 

6. Sources of error in experiments with hydrogen cyanide 

Hydrogen cyanide can disappear from solutions not only by 
distillation but also by chemical reaction, for example, by oxida- 
tion to cyanic acid, by formatioTi of cyan hydrins , or by com- 
bination with met haemoglobin. According as these reactions 
are fast or slow the effect of the hydrogen cyanide on the cells 
can be completely masked, or an inhibition followed by a 
recovery may be observed. 

Hydrogen cyanide reacts very quickly with inethaernoglobin, 
a fact to be remembered in all experiments with blood and 
organs containing blood, particularly the spleen. 

Hydrogen cyanide is oxidized in the presence of carbon,! and 
also, according to Hllinger,J by muscle, to give cyanic acid, 
which is further hydrolysed in acid solution to carbon dioxide 
and ammonia. 

Moreover, cyanhydrin formation, even if the hydrogen cyanide 
is very dilute, tak^ place more quickly thaii one would expect. 

In experiments on the oxidation of fructose in salt solution at 
38°, H. A. Krebs§ observed that lO'^ N hydrogen cyanide at 
first completely inhibited the oxidation, but that after a few 
hours the effect disappeared. Cyanide determinations showed 
that the prussic acid had been removed from the solutions by 
the formation of fructose cyanhydrin. 

t O, Warburg, Bioch. Zeitschr, 119, 134 (1921), p. 161. 

* j Ph. Ellinger, Z.f. physiclog. Chem. 154, 80 (1926). 

§ H. A. Krebs, Bioch, Z&itschr. 180, 377 (1926). 
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An initial inhibition by hydrogen cyanide followed by re- 
covery was also observed by Wieland and Berthoj in the oxida- 
tion of alcohol by acetic acid bacteria. The acetaldehyde which 
is forried reacts with the hydrogen cyanide: When acetalde- 
hyde and N/IOO HCN were allowed to react (in the absence of 
the acetic acid bacteria), after 30 minutes, 0.5 per cent, of the 
cyanide had disappeared owing to cyanhydrin formation. 

Among other substances which react rapidly with prussic 
acid at physiological pH and temperature are the following: 
methylglyoxal, pyruvic acid, glyceraldehyde, glyceraldehy de- 
phosphate. 

7. Relationship between the effect and the concentration 

of hydrogen cyanide 

If hydrogen cyanide reversibly inhibits a biochemical process, 
we can assume that the hydrogen cyanide forms a dissociating 
complex with the particular enzyme which brings about the 
reaction. The cyanide compound of the enzyme is therefore 
catalytically inactive. 

In the simplest case, if Fe denotes the enzyme, then 
[Fe]x[HCN] ^ 

[FeHCN] 

or if n denotes the uninhibited portion of the enzyme reaction 
we have 

where K is the hydrogen cyanide concentration causing half 
inhibition of the reaction. 

For example, we found that for the inhibition of the respira- 
tion of avian red blood cells J 



Residual 


[ITCN] mole 1 litre 

respiration n 

K molcllitre 

0-5xl0-« 

\ 0'37 

0-29 X nr* 

lOx 10-* 

019 

023X10-* 

10 xio-^ 

0 



t H. Wieland and A. Bertho, Lizhigs Annnhn, 467, 95 (1928); 
t Morizo Onaka, 2./. physiolog, iUmn. 70, i’i'i (19U) [p. 438j. 
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For the inhibition of the respiration of rat tissue, Howard L. 
Altf found : 


[HCN] 

molejlitre 

Respiration inhibition 
[(l-n)xlOO] 

Kidney 

Liver 

Spleen 

4x10-* 
20x 10-* 
100x10-* 1 

63%* 

89% 

90% 

50 %* 

87% 

99% 

(91%) 

82%=- 

95% 


If the A values are calculated from the figures marked with an 
asterisk and these values are used for calculating respiration 
inhibition for the higher cyanide concentrations we obtain ; 



Kidney 

K = 2'4x 10* 

Liver 

K = 4x10-* 

Spleen 

K = 4’4xl0-* 

Inhibition by [HCN] 

aaln. 89% 

L‘ale. 82% 


= 20x10-* 

found 89% 

found 87% 

found 82% 

Lihibition by [HCNj ) 

' calc. 98% 1 

calc. 96% 1 

calc. 96% 

- lOOx 10-* 

found 96% 

found 99% 1 

found 95% 


It can be seen from these examples that the simple dissocia- 
tion law agrees as well as can be expected from the error of the 
determination. The question as to how complete is the in- 
hibition by cyanide is answered by the statement that it is as 
complete as is required by the dissociation law. 

8. Sea urchins’ eggs 

F or ferUfeed ur dims.’ 1 ^o\md 

of hydrogen cyanide which produces half inhibition of the 

respiration is: t . n-s. ^ ^ nu 

^ • O-o X 10“^ mole/htre. 

It struck me then, for the first time, how different was the 
oxidation inhibition by cyanide from the oxidation inhibition 
by narcotics. A fertilw.ed egg whose respiration had been 
reduced to half by narcotics had completely lost its ability to 
divide. In hydrogen cyanide, however, the egg divided nor- 
mally, only in general more slowly, as its respiration was 
inhibited. 

t Howard L. Alt, Bioch. Zeitschr. 221, 498 (1930). 

I O. Warburg, Z.f. phyaioloy. Cham. 66, 305 (1910), p. 325. 

C 
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18 ACTION OF HYDROGEN CYANIDE [Ch. Ill, § S 

7 

9. Red blood cells 

The respiration of all types of red blohd cells, with or with- 
out njaclei, is inhibited by hydrogen cyanide. Tlie liydrogen 
cyanide concentration which brings about half inhibition is 
about 3 X 10^^ mole/litro.t 

For the reason mentioned in section 6 of this chapter, the 
presence in the blood cells of methaenioglobin must be avoided. 

The glycolysis of the red blood cells is also inhibited by eya- 
nide, but only, however, by very much higher concentrations 
than is the case with the respiration, 10“^ N hydrogen cyanide 
reduces the glycolysis to the half value. The glycolysis of the 
red blood corpuscles is, therefore, about 300 times less sensitive 
than the respiration of the red blood cells. The respiration of 
the red blood cells can, therefore, be completely inhibited 
without any inhibition of the glycolysis. If the respiration is 
inhibited the glycolysis actually increases from the aerobic to 
the anaerobic value. 

10. Yeast 

Both the respiration and the fermentation of yeast are in- 
hibited by cyanide. The half- value concentrations are:J 

For the inhibition of the respiration 045 x 10“^ molc/litre (Bakers’ yeast). 

For the inhibition of the fermentation h0xi0“^ mole/litre (Bakers’ or 
Brewers’ yeast). 

For yeast cells also the respiration — and the fermentation — 
inhibiting hydrogen cyanide concentrations lie far apart, so 
that in this case also, respiration and fermentation can he 
differentiated by cyanide. Again, when ' the respiiution is 
inhibited the fermentation increases from the aerobic to the 
anaerobic value.§ 

On account of their high metabolic rate, the simple require- 
ments for their culture, and the variability of their metabolic 
types, yeast cells are particularly suitable experimental material. 
Wild yeasts have a high respiration. The rate of respiration of 

f Morizo Onaka, Z.f. pkysiolog. Chem. 70 , 433 (1011) [p. 438]. 

X O. Warburg, Bioch, Zeitschr. 165, 196 (1925); E. Nogoloin, ibid. 165 , 
203 (1925). 

§ 0, Meyerhof, ibid. 162 , 43 (1925). 
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cultifted yeasts depends on the conditions of culture. f Brewers’ 
yeast is unsuitable foj rcsi)iration work on account of its small 
and irregular respiration. 

11. Lactic acid bacilli 

Aerobic lactic acid bacilli behave towards hydrogen cyanide 
in the same way as Brewers’ yeast, i.e. tlie respiration and the 
fermentation are inhibited by cyanide, the former by very small, 
the latter by very much greater, concentrations. In this case 
also, respiration and fermentation can, therefore, be differen- 
tiated by hydrogen cyanide. 

The anaerobic lactic acid bacilli are different. Their fermenta- 
tion, like that of the aerobic type, is inhibited by cyanide, but 
the respiration behaves differently in accordance with the 
conditions of culture. 

The respiration of the anaerobic lactic acid bacillus Del- 
briickii of the Kiel Meyerhof Institute is inhibited by cyanide. 
J. G. Davis J in the Meyerhof Institute found that the hydrogen 
cyanide concentration for half inhibition was about 5x10’* 
mole/litre. 

The respiration of the anaerobic lactic acid bacillus Del- 
briickii of the Berlin Fermentation Institute, according to 
Meyerhof and Finklc§ was not inhibited by cyanide. 

The bacillus of the Fermentation Institute at Reading in 
England is a third anaerobic lactic acid bacillus whose meta- 
bolism has been studied. The fermentation of this bacillus 
behaves towards cyanide like that of the other lactic acid 
bacilli. In so far aft the respiration is concerned, however, J. G. 
Davis J found that it does not possess any. 

Davis’s observation seems to me to offer the key to the prob- 
lem of the respiration of lactic acid bacilli. Apparently when 
these arc cultured anaerobically, they lose gradually the en- 
zyme system of respiration. The Kiel bacillus still bad the 
whole chain of respiratory enzymes with oxygen transporting 

■ t 0. Warburg, ibid. 189, 350 (1927). 

‘ t J. G. Davis, ibid. 265, 90 (1933); 267, 367 (1933). 

§ 0. Meyerhof and P. Pinkie, CUmk der Zelk, 12, 157 (1925). 
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iron at the head. Tlie Berlin bacillus had lost its oxygen tfans- 
porting iron, but still retained the other Respiratory enzymes, 
in this case with the yellow enzyme at the top, this being 
uninhibited by the cyanide. In the English bacillus the break- 
down of the enzyme chain had advanced still farther, in that 
the yellow enzyme had also disappeared, so that the final result 
of anaerobic culturing had been fully realized. 

It is well known that lactic acid bacilli have played a great 
part in the discussions about oxygen transporting iron.f It can 
be said to-day that it w^ould have been more logical to study the 
exception until it had been fitted into the general principle 
rather than to dispute the general principle on account of the 
exception. 

12. Hydrogen producing bacteria 

M. Stephenson and L. H. Sticklandif found that the decompo- 
sition of formic acid by Bacillus coli, 

HCOOH - COa -h Hg, 

is inhibited by hydrogen cyanide and, moreover, by concentra- 
tions 1,000 times less than is lactic acid fermentation or 
alcoholic fermentation. The hydrogen cyanide concentration 
which produced half inhibition of the formic acid fermentation 

1 X 10"^ mole/litre. 

Another fermentation in which hydrogen is also produced, 
butyric acid fermentation, 

+ 2CO, + ,:2H„ 

is particularly sensitive to cyanide. In this case we found§ that 
it is only a part of the butyric acid fermentation that is cyanide 
sensitive, not the breakdown of the sugar, but the reaction by 
which hydrogen is produced from the breakdown products. 
If very dilute hydrogen cyanide is added to the fermenting 
butyric acid bacteria, the hydrogen evolution ceases, but break- 

t A. Bertho and H. Gluck, Liebigs Ann. 494, 159 (1932); A. Bertlio, 
Ergebnisse der Enzyrnforschung, 2, 204 (1933). 

X M. Stephenson and L. H. Stickland, Bioch. Journ, 26, 712 (1932). 

§ F. Kubowitz, Bioch. Zeitschr. 274, 285 (1934). 
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down of the sugar continues, to give, not a butyric acid fermen- 
tation, but a lactic aoid fermentation. 

13. Chlorella 

The green alga Chlorella has been very closely studied. Four 
metabolic processes have been tested in regard to their be- 
haviour towards cyanide. These are : the autotrophic respira- 
tion, the heterotrophic respiration, carbon dioxide assitnilatioii, 
and nitrate assimilation. The autotrophic respiration is that 
taking place \\^heii chlorella is cultui’cd in solutions of inorganic 
substances. The heterotrophic respiration appears if the chlor- 
ella, cultiLred in an inorganic medium, is placed for 15 minutes 
in sugar solution and then brought back into the sugar-free 
salt solution. Under these conditions, as Emerson found, the 
respiration increases five -fold. 

The hydrogen cyanide concentrations Avhich produce half 
inhibition of the four metabolic processes arc : 

[HCN] 

tnolejUtre 

Autotropliic respirationl , - . . greater than 10“^ 

Heterotrophic respiration J . . 1 X 10“* 

Carbon dioxide assimilationt . . 4 x 10'^ 

Nitrate assimilation t . . . 0-8x10“® 

The autotrophic respiration of chlorella was the first cyanide 
resisting respiration to be found. L. Genevois§ tried to find out 
whether the cyanide resisting respiration av as a property which 
differentiated plant cells from other colls, or green cells from 
those not green. He found that the respiration of germinating 
plants is very sensitive to cyanide and, moreover, that the 
respiration of many green autotrophic algae is also sensitive to 
cyanide. Autotrophic chlorella is, therefore, an exceptional case. 

14. Respiration of heart muscle 

Claude Bernard found that the respiration of heart muscle 
was inhibited by cyanide, and that the heart blood of cyanide- 
poisoned animals was still bright red a day after death. 

t 0., Warburg, ibid. 100, 2;J0 (1919); 166, 386 (192.^). 

% R. Emerson, Jonrn, General rhyBiology, 8, 469 (1927), 

§ L. Gonevois, Bioeh. ZeMr. 191, 147 (1927); 186, 461 (1927). 
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V. V. Weizsacker examined the effect of cyanide oh the 
isolated frog heart, whilst the heart wasr beating and working, 
that is^ under conditions such that the heart muscle was intact. 
He found;*)* 


[HCN] 

molejlitrc 

i Inhibition of respiration 

0‘5 X 10-^ 

29% 

2-5xl0-« 

70% 

5-0x10-4 

95% 


15. Respiration in solutions 

In 1909 Batelli and Stern J. showed that aqueous extracts of 
animal tissues take up oxygen and give off carbon dioxide. 
Since the respiration in the aqueous extracts was small in com- 
parison with that of the intact tissue, Batelli and Stern called 
the former ‘accessory respiration’ in contrast to the main 
respiration of the intact cells. Buchner yeast press juice, and 
aqueous extracts of dried yeast also respire. Again, such 
respiration is smaller than that of the yeast cells. 

Batelli and Stern found that the respiration in aqueous solu- 
tion, in contrast to the cell respiration, is little inhibited by 
cyanide. Probably the respiration in solution is not at all in- 
hibited by cyanide, when the solid cell particles are completely 
removed by high-speed centrifuging. The respiration of press 
juice, completely clarified by centrifuging is not only uninhibited 
by cyanide, but is even increased. 

How is it possible to obtain from cells, the respiration of which 
is completely inhibited by cyanide, a respiration which is 
increased by cyanide ? 

The answer to this question lies in the enzyme chain, and 
could only be given when the yellow enzymes, which come into 
the chain reaction after the oxygen transporting iron, had been 
discovered.§ The accessory respiration of Batelli and Stern 
and the respiration in the clarified yeast juice are due to 

t V. V. Weizsacker, PJiUgers Archiv, 147 , 13,5 (1912). 

X Batelli and Stem, Bioch. Zciischr. 21,487 (1909) ; Ergehnisse der Physiologie, 
12, 96 (1912). 

§ 0. Warburg and W. Christian, Bioch. Zeitschr. 254, 438 (1932). 
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■oxygen transport by the yellow enzymes which arc separated 
from the insolubJe iron system by the extraction of the ceJJs. 
Since cyanide does not inhibit the yellow enzymes the respira- 
tion in solution is unaffected by cyanide. 

The reason for hydrogen cyanide increasing the respiration in 
solution depends on hydrogen peroxide and catalase. In oxygen 
transport by the yellow enzymes, hydrogen peroxide is formed, f 
and this is decomposed by catalase with liberation of oxygen. 
Since the catalase is inhibited by cyanide, the formation of 
oxygen from hydrogen peroxide is also inhibited, so that, in the 
presence of enough cyanide to inhibit the catalase completely, 
the oxygen requirement is doubled. 

This only applies if the oxygen transporting enzyme in the 
cell is an iron compound. When the oxygen is being trans- 
ported by copper J as in the potato and in fungi, the respiration 
in aqueous extracts of the material is inhibited by hydrogen 
cyanide. The reason for this is that, unlike the oxygen trans- 
porting iron proteins, the oxygen transporting copper proteins 
are soluble in water. 

16. Experiments of Dixon and Elliot 

The experiments of Batelli and Stern w'crc repeated and 
verified in 1939 by Dixon and Elliot. They made pulp prepara- 
tions from heart, liver, kidney, and spleen, suspended these in 
phosphate buffer, and determined the oxygen uptake mano- 
mctrically. 

They found § that the respiration w^as only inhibited to about 
50 per cent, by cyanide. Apparently the respiration of finely 
divided ti&sue was made up by approximately equal amounts 
of the main respiration and the accessory respiration. In con- 
trast, however, to Batelli and Stern, Dixon and Elliot concluded 
that the respiration of the intact cells could only be inhibited to 
the extent of 50 per cent, by cyanide. 

Howard L. Alt|| repeated the experiments of Dixon and 

t Ibid. 266, 377 (1933} [p. 395]. 
j F. Kubowitz, ibid. 292, 221 (1937). 

^ M. Dixon and K. A. C. Elliot, Bioche7n. Journ. 23, 812 (1929), 

!j Howard L. Alt, Block, Zeitsekr. 221, 498 (1930). 
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Elliot with the modification that Ringer-bicarbonate instead of 
phosphate solution was used. Instead of having potassium 
hydroxide in the inner container of the manometer vessel, 
the method employing a pair of vessels was used, and the 
respiration determined under the physiological carbon dioxide 
pressure. Loss of cyanide by distillation into the inner con- 
tainer was thereby prevented. 

Under these conditions the respiration of liver, kidney, and 
spleen was inhibited to the extent of 95 per cent, by N/lOO 
hydrogen cyanide. This result is the same as that calculated 
from the dissociation law (section 7 of this chapter) using the 
value for the hydrogen cyanide concentration Avhich produces 
half inhibition. One hundred per cent, inhibition would only be 
realized by infinitely greater cyanide concentration, just as it is 
possible to obtain 100 per cent, saturation of haemoglobin with 
oxygen only by using infinitely great concentrations. This is the 
answer to the illogical but often repeated question as to whether 
inhibition of respiration by cyanide can be complete. 

The work of Alt had shown that the technique employing 
minced tissue, when rightly used, can be applied to experiments 
with sensitive animal tissues for which it was thought to be 
unsuited. However, it must not be thought th'^t the mano- 
mctric method for studying metabolism is the only one available 
in physiology. Dixon and Elliot should at least have made 
certain that their findings were correct by employing other 
methods, for example, the perfusion technique, before accept- 
ing results which disagreed with earlier ones. 

For when Claude Bernardj found in 1857 tiiat the blood from 
the heart of a cyanide-poisoned animal was still bright red 24 
hours after death, it meant, taking into account the oxygen 
requirement of the heart and the oxygen capacity of the blood, 
that the respiration of the heart muscle had been completely 
inhibited. Also, since 1912 there had been on record the 
researches of Weizackcr J who found complete inhibition of the 
respiration of the frog heart poisoned by cyanide. 


t Section 1 of this chapter, 

J Section 14 of this chapter. 
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• In^spite of this, in 1929 the result obtained by Dixon and 
Elliot using minced heart muscle was accepted by many without 
question. For example Torsten Tunbcrgl wrote: 

The view that the respiration enzyme is responsible for theP whole 
aerobic respiration cannot be correct in view of the fact that cyanide 
inhibits in many cells only a part of the ox\^gen uptake. Tliis observa- 
tion had already been made in respect of certain cells, but Dixon and 
Elliot, who in 1929 examined the effect of varying concentrations of 
potassium cyanide on the oxygen uptake of different animal tissues, 
proved that on an average 40 per cent, of this uptake is unaffected 
by the cyanide. 

It must not be forgotten that the inhibition of the respiration 
by cyanide was not compatible with the Wielaud theory. 
Therefore, the cyanide inhibition had to be at least incomplete ; 
at least a part of the respiration had to be saved for the theory. 
This wns the reason for the remarkable literature on the theme; 
Is the inhibition of the respiration by cyanide comi^lete ? 

17. Animal cells and tissue 

The aerobic respiration and the anaerobic glycolysis of all 
animal cells and tissue which we have examined arc inhibited 
by cyanide. The aerobic and the anaerobic inhibiting concentra- 
tions differ sufficiently to allow a separation of the one from the 
other. Under such conditions, in spite of the cells having been 
saturated with oxygen, the respiration increases from the 
aerobic to the anaerobic value. 

Animal cells and tissue for which this increased respiration in 
the presence of cyanide has been determined include tumours, J 
embryos, J; and red*blood cells.§ 

18. Ethyl isocyanide 

In contrast to hydrogen cyanide, its ethyl ester 
C^N— 

does not inhibit either the aerobic respiration or the anaerobic 

t Torsten Tuiiberg, Oppenheimers Handbuch dcr Biochemie, Ergdnzunyahand^ 
p. 270 (Jena, 1930). 

t O. Warburg, K. Pofiener, and E, Negelein, Bioch. Zdlschr. 152 , 309 (1924). 
§ O. Warburg, F. Kubowitz, and W. Christian, ibid. 242 , 170 (1931). 
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glycolysis or the carbon dioxide assimilation, provided of course 
that the concentrations applied arc within the limits of the 
narcotic concentrations. For examj^le, we found :t 



Oxygen consumption per 
mg. dry weight per hour 


In 10 * N Ethyl 



isocyanide 

Without addition 


c.mm. 

c.mm. 

Liver 

11-2 

10-4 

Kidney . 

25-7 

23‘7 

Testicle , , : 

11-2 ! 

11-4 

Embryo . . ■ 

13-6 

13-6 

Jensen Sarcoma 

13-8 

13-2 


Although the aerobic respiration of these tissues is not in- 
hibited by ethyl isocyanide, the fermentation increases — in the 
presence of oxygen — to the anaerobic value. The Pasteur 
effect is therefore completely inhibited by the cyanide ester. 
An explanation of this observation will perhaps come as a 
result of the recent work on zymohexase and its activation by 
iron salts. J 

The nitriles which arc isomeric with the cyanide esters 
N=a-C,H5 

have no specific action on metabolic processes, although state- 
ments to the contrary arc to be found in the literature. They 
are actually indifferent narcotics. 


19. Hydrogen sulphide 

At one time, before it was known why cyanide inhibited 
chemical reactions in the cell, certain substances were regarded 
as important because they were comparable with cyanide as 
regards their biological activity. We found that hydrogen 
sulj)hide§ was such a substance, as the following table shows: 

t 0. Warburg, Bioch. Zeitschr, 172, 432 (1926). 

X Cf. Chapter XIX. 

§ E, Negelein, Block. Zeitschr, 165, 203 (1925). 



Ch. Ill, § 19] HYDROGEN SULPHIDE 27 


, 

10-* N HaS 

10-^ N HCN 

Respiration of yeast cells * 

Strong inhibition 

Strong inhibition 

Fermentation of yeast cells 

No inhibition 

No inhibition 

Carbon dioxide assimilation . 

Strong inhibition 

Strong inliibition 

Nitrate assimilation 

Strong inhibition 

Strong inhibition 

Respiration of Clilorella (autotrophic) 
Respiration of Chlorella (hetero- 

No inhibition ' 

No inhibition 

trophic)t .... 

Strong inhibition 

Strong inhibition 


In ] 925 this parallelism between the two substances lent con- 
siderable support to the heavy-metal theory of respiration and 
served as an argument against other theories, for example, 
against the theory that the action of hydrogen cyanide was due 
to the formation of cyanhydrins. 

20. Catalysis and anticatalysis 

Since a small amount of cell substance can deal with large 
amounts of substrate, aerobic respiration, anaerobic respiration 
and carbon dioxide assimilation are catalytic processes, and 
since a small amount of cyanide will inhibit the metabolism of 
much substrate, cyanide inhibition is therefore an anticatalytic 
process. 

If one knew the chemical nature of catalysts it would be easy 
to find anticatalysts on the basis of the latter being substances 
that react chemically with the catalysts. Vice versa, if the 
catalyst is unknown, it is possible to obtain information as to 
its nature from a knowledge of the chemical properties of the 
anticatalyst. The great importance of cyanide inhibition in 
enzyme chemistry thus becomes apparent. If our supposition 
were correct, namely, that cyanide inhibition is not a narcotic 
inhibition, but a chemical anti catalysis, then it would follow 
that the enzymes of aerobic respiration, anaerobic respiration, 
carbon dioxide and nitrate assimilation must have catalyti- 
cally active groups which arc chemically alike. This is the prin- 
ciple underlying our investigation of biochemical processes. 

t R. Eiiiyi'syn, Journ. Gmeral Fkytfwlogy, 8, 469 (1927). 
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IRON CATALYSIS AT SURFACES 

BLOOD CHARCOAL 

In 1921 I found that amino-acids adsorbed from aqueous solu- 
tion on the surface of blood charcoal are oxidized at room tem- 
perature and neutral reaction by molecular oxygen. These 
oxidations, like cell respiration, are inhibited uon-specifically by 
narcotics according to the homologous scries rule, and specifically 
by cyanide. When one considers that at that time biocatalysis 
and its inhibition were still as mysterioUvS as at the time of 
Mitschcrlioh and Claude Bernard, one can understand the 
trouble we have taJ^en in our study of the charcoal model. 

There are good models and bad models. When sugar is de- 
composed by heating with alkali, or carbon dioxide is decom- 
posed by irradiation with short-wave ultra-violet light, w^e have 
bad resphation and assimilation models, because the conditions 
under which the corresponding biological processes take place 
are not adhered to. Who could doubt, however, that the assimi- 
lation problem would be solved if, in a model experiment, the 
decomposition of carbon dioxide were brought about by quanta 
of visible light ? 

1. Oxidation of amino -acidsf 

If the oxidation of an a- amino -acid, for example leucine, is 
allowed to go to completion on blood charcoal, then the oxygen 
uptake ceases when one molecule of cai^bon dioxide and 
ammonia are formed from each molecnle of lencin6 according 
to the equation 

R R 

I I 

CH.NH 2 + 02 = COOH + CO 2 + NH 3 . 

COOII 

Cystine requires more oxygen than corresponds to this 

f 0. Warbu/'g^and E. Negelein, Bioch. Zeitschr. 113, 257 (1921); 142, 493 
(m'i); 152, 191 [im). 
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equafion, because the sulphur is oxidized in the presence of blood 
charcoal to sulphuric %eid. 

2. Inhibition by narcoticsf 

If any narcotic, in sufficient concentration to reduce the ‘res- 
piration’ of the charcoal to the half value, is added to a sus- 
pension of blood charcoal which has adsorbed 0-05 millimole 
of cystine per gram, then if the amount of cystine adsorbed is 
redetermined, 0-025 millimole only is found. The narcotics, 
therefore, displace the amino-acids from the surface of the char- 
coal, and since the inhibition of the oxidation and the degree of 
displacement correspond, the inhibition of the oxidation must 
have been caused by this displacement. 

The fact that the oxidation of the amino -acids, which arc 
quite stable in solution, comes to a stop if they are displaced 
from the charcoal is in itself informative. Narcotic inhibition 
of respiration — in this case the oxygen uptake of the charcoal — 
requires not merely a displacement, hut the displacement of 
a substance uu stable on the surface by one which is stable. 
This condition is realized by most narcotics. We have tried to 
answer the question as to what determines the displacing action 
of the narcotics, and have investigated for several of them how' 
much must be adsorbed on the surface before a certain degree 
of displacement is reached. We found that the area which the 
narcotic takes up on the surface of the charcoal determines the 
displacement. It was immaterial whether the narcotic was 
urethane, a ketone.^ or a nitrile; the same amount of cystine 
w^as displaced from the charcoal when a certain fraction of 
its surface was covered by the narcotic. Narcotic inhibition of 
charcoal respiration is, therefore, a physical phenomenon. Tlie 
rule for the homologous series can, therefore, be explained. In 
ascending a homologous series the adsorption constants and 
molecular volumes increase. Therefore, for the same concentra- 
tions of dissolved narcotics the area of the charcoal covered by 
the narcotic becomes progressively greater. 


f 0, Warburg, ibid. 119, 134 (1921). 
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3. Cyanide inhibition! 

Hydrogen cyanide is also adsorbed by cliarcoal, and arnino- 
acids already adsorbed can be displaced by it. Hydrogen 
cyanide, however, is only weakly adsorbed, less so than aceta- 
mide and acetonitrile which are the weakest narcotics. If the 
acetamide and acetonitrile concentrations which produced half 
displacement of cystine were 0-2 molar, the hydrogen cyanide 
concentration producing an equal displacement would be 1/1 
molar. When, therefore, WiclandJ and Bertho§ ascribed the 
effects of hydrogen cyanide, which they considered to he acting 
as a narcotic, to its particularly great adsorption, they had 
reversed the property of the hydrogen cyanide. 

If hydrogen cyanide were inhibiting charcoal respiration by 
displacement as in the case of narcotics, then for the cyanide 
we should also have 

Degree of inhibition = Degree of displacement. 

Also, there should be half inhibition of the cystine oxidation 
when the cyanide concentration in solution was 1/1 molar. 
Actually half inhibition of the oxidation is observed at a hydro- 
gen cyanide concentration 2,500 times smaller, i.e. at 0-4 x 10“^ 
mole/litre. At this low cyanide concentration no trace of dis- 
placement of the ami no -acid is detectable. Hydrogen cyanide, 
therefore, inhibits the charcoal respiration without displacing 
the amino-acid from the surface. 

4, Active regionsll 

In the case of cyanide inhibition, a detei-niination was made 
of the amounts of amino-acids and cyanide simultaneously 
adsorbed on the charcoal surface. The arrangement of this 
important experiment was as follows; 

To 50 e.c. of a solution, M/20 in respect of leucine and M/1000 
in respect of cyanide, 2 g. of blood charcoal was added, and the 
mixture shaken for several minutes till equihbrium was estab- 

t 0. Warburg, Bioch. Zeitschr. 119, 134 (1921); 136, 266 (1923). 

X H. Wieland, Liebigs Ann. 445, 181 (1925). 

§ A. Bertho, Ergehniase der Enzymforschung, 2, 204 (1933). 

11 0. Warburg, Bioch, Zeiiachr. 136* 266 (1923). 
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lishe^. The charcoal was centrifuged oflF, and the supernatant 
liquid titrated in the •presence of forma ldehyde to detoriniiie 
leucine, and with silver nitrate to give cyanide. We found : 



Concentration in the anlution 

• 

Adsorbed 


mole j litre 

mole j per g. charcoal 

I.eucine . 

3'6 xlO 2 

0>70xl0-2 

Hydrogen cyanide , 

O'OSx 10-2 

ool X 10-2 


Since, therefore, one molecule of cyanide completely iuliibits 
the oxidation of 70 molecules of adsorbed leucine, there is no 
other explanation than that only a small part of the surface is 
catalytically active. Leucine adsorbed on the greater part of 
the charcoal surface is just as resistant to tlie oxygen as non- 
adsorbed leucine in solution. 

Thus were the active regions of charcoal discovered. The 
area of these regions in our preparation amounted to about 0-5 
sq. metres per g. of charcoal on a total adsorbing surface of 
200 sq. metres. 

Note. After the discovery of the active regions, the equation 
which we had foxind applicable to the narcotic inhibition of 
charcoal respiration: 

Degree of inhibition ~ Degree of displacement 
was no longer as self evident as it appeared at first. It is ob- 
vious from the equation that narcotics displace amino -acids 
from all regions of the charcoal, the active as well as the inactive, 
to the same degree. 

5. Chemical composition of the active regionsf 

Teelmicar blood charcoal is obtained by carbonizing blood in 
the presence of salts, and is a complicated mixture containing, 
besides the carbon, much ash, oxygen, sulphur, and nitrogen. 
In order to learn more about the active regions, we changed the 
method of preparation, and set ourselves the task of building 
up, step by step, charcoals with the catalytic properties of 
technical blood charcoal. 

Whilst sugar charcoal is autoxidizable and, therefore, cannot 

t 0. Warburg and W. Brefeld, ibid. 145, 4G1 (1924). 
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be used in catalytic experiments, it is possible to obtain a highly 
adsorbent non-autoxidizable charcoal by carbonizing sugar in 
the presence of silicates. This charcoal is completely inactive, 
and obviously corresponds to the catalytically inactive material 
in blood charcoal. 

Activation of the silicate charcoal with simple iron salts is not 
possible no matter whether the iron salts are added before or 
after heating to redness. If, however, a small quantity of haemin 
is added to the mixture of silicate and sugar before heating, a 
charcoal is obtained having the catalytic properties of the blood 
charcoal which had been inactivated by small amounts of cya- 
nide. 

In general, it appeared that nitrogen and iron must act in 
combination if the active cyanide-sensitive charcoals with the 
properties of blood charcoal were to be obtained. We concluded, 
therefore, that iron combined with nitrogen produced the 
chemically active part of the active regions of blood charcoal. 
The most active charcoals which we have obtained- charcoals 
wliich, however, differ from blood charcoal in some respects^ — 
were prepared from pure haemin. 

It seemed to us important to be able to produce the iron- 
nitrogen combination stop by step, so carbonization of porphy- 
rin and then heating it to redness with iron salts should have 
been the next experiment. It is, however, difficult to obtain 
the necessary iron-free porphyrin. We found the aniline dye- 
stuff Bismarck-brown more suitable as the starting material, 
as we could obtain this in a practically iron -free condition 
(iron content 0-001 per cent.). 

Charcoal prepared from this Bismarck-brown contained 10 
per cent, nitrogen and 0*01 per cent, iron. It was only feebly 
active catalytically. If, however, the iron content was increased 
by heating to redness with iron salts, the catalytic activity 
increased 10 to 20 times. On the addition of cyanide the whole 
effect of the iron disappeared. On account of its great impor- 
tance in the study of the respiration problem, this experiment 
is graphically represented in Fig. 2. 

To summarize, the result of the study of the charcoal model 
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containing iron bound to nitrogen was that this combination 
produced a biological oxidation like that of the oxidative de- 
amination of amino-acids, an oxidation which is reversibly 
inhibited by narcotics and irreversibly and specifically mhibi- 



Fco. 2. In each case 20 mg. charcoal + 1 0 c.c. solution. I. Carbon, not activated, 
ill pure leucine solution (N/20). H. Carbon, activated witli iroa, in pure leucine 
solution (N/20). HI. Carbon activated witli iron, in N/20 IcAicine and N/1000 
cyanide. 


ted by cyanide. Who could believe that tliis w^as only by chance 
in agreement with the behaviour of cell respiration ? 

£. K. Rideal and W. M. Wrightf repeated and verified our 
work on the active regions of blood charcoal in 1925 and 1926. 
They found that blood charcoal consists of active and inactive 
regions and that the active regions contain nitrogen and iron. 
Rideal and Wright in my opinion lay too much stress on the 
question as to whether the inactive regions are completely 
inactive or only 800 times less active than the active regions. 
From an analytical point of vie\v this question can scarcely be 
answered experimentally. 

t E. K.Eideal and W. M. Wright, Journ. Chem. Soc. London, 127, 1347 
(1925); 129, 1813 (1926); 129, 3182 (1926). 

6111 O 
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IRON CATALYSIS IN SOLUTION 

Whilst all other protein hydrolysis products are stable to 
molecular oxygen at physiological temperature and pH, E, 
Baumann I found tliat cysteine 

CHgSH 

1 

CHNII2 

COOH 

is oxidized to cystine when it stands in air. 

2HSCH2— CHNH2— COOH + 1O2 

S— CHg—CHNHo—COOH 

= I + H^O. 

S— CHg— CHNH2— COOH 

Baumann found that the oxidation of cysteine is accelerated by 
iron salts. In this reaction the solution becomes coloured, a pheno- 
menon which explains the mechanism of the action of the iron. 

If a little ferric salt is added to a neutral solution of cysteine, a 
violet colour develops. This disappears on standing, but re- 
appears on shaking the solution with air, and the process may 
be continued till the whole of the cysteine has been oxidized to 
cystine. The iron thus transports oxygen by means of the 
valency change ferrous ^ ferric. The violet-coloured ferric 
cystine oxidizes excess cysteine to cystine, and the colourless 
ferrous cysteine is re-oxidized by molecular oxygen to tlie 
ferric compound. 

In 1909 Matthews and Walker J observed that this action of 
the iron is inliibited by cyanide. Since hydrogen cyanide forms 
with iron a more stable complex than does cysteine, it therefore 
removes the iron from the cysteine and brings the catalysis to an 
end. Actually the colour development discovered by Baumann is 
no longer observed when the cysteine solution contains cyanide. 

There is no clearer example of catalysis and anticatalysis 

t E. Bamnami, Z.J. physioloyiscke Chem. 8, 299 (1883-4). 
t A. P. Matthews and S, Walker, Joum. Biol, Chem. 6, 29 (1909). 
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than* this. One can see how the complex autoxidizable iron 
compound is formed, how the complex ferric iron in it reacts by 
changing its valency, and how cyanide decomposes tlic complex 
iron compound. The finding of Matthews and Walker, however, 
that both the autoxidation and the iron accelerated oxidation 
of cysteine are inhibited by cyanide was not understood. 

Matthews and Walker refused to accept the logical view that 
the ‘autoxidation’ of cysteine might be a catalytic oxidation 
brought about by impurities of heavy metals in solution, 
because after careful recrystallization the autoxidation did not 
disappear but remained quite unchanged. 

1. The active molecules 

Why should traces of cyanide inhibit the autoxidation of 
cysteine ? If the cyanide did not react with the cysteine thcji 
it could not inliibit, and if it did react, it would react stoic ivio- 
metrically, and at most prevent only a small part of the cysteine 
from reacting with oxygen. 

Matthews and Walker gave the following explanation: In a 
cysteine solution, only a small fraction of the molecules present 
at a given, time are reactive. If a solution of hydrogen cyanide 
is, added, then the hydrogen cyanide reacts with the active 
molecules and protects these from the oxygen. If the active 
cysteine which is combined with the hydrogen cyanide becomes 
later inactive, the hydrogen cyanide dissociates, and is ready to 
react as new active cysteine molecules are formed. Thus a small 
amount of cyanide can prevent a large amount of cysteine from 
reacting with oxygen. 

This theory has also been used to account for other cases of 
cyanide inhibition. Thunbergt explained the cyanide inhibition 
of cell respiration on the assumption that hydrogen cyanide 
combined with the fraction of the molecular oxygen which was 
at the moment active, and prevented it, therefore, from oxidi- 
zing the biological substrates. WielandJ also explained in a 
corresponding manner the oxidation of iodic acid and its 

t T. Thunberg, Skandinav. Archiv J. Fliydohoie^, 35, 163 (1918). 
t H. Wieland and F. G. Fischer, Ohm. Berichte, 59, 1171 (11)26). 
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inliibition by cyanide. In this case he believed that traces of 
cyanide reacted with the iodic acid molecules active at any 
particular time, and thus a little cyanide was able to inacti- 
vate greater amounts of iodic acid. All these theories have 
proved to be false. When hydrogen cyanide inhibits oxidation, 
it reacts with neither the cysteine, nor the molecular oxygen, 
nor the iodic acid.j 

2. Preliminary experiments 

The problem of the autoxidation of cysteine as set out above 
was not only interesting in itself, but was of general importance, 
because here we had a biological substrate reacting directly 
with molecular oxygen and making superfluous, at least in this 
case, oxygen transporting iron. And if such a direct and non- 
ca,talytie oxidation were inhibited by non-stoichiometrie 
amounts of hydrogen cyanide, then the cyanide inhibition 
could not be an anticatalysis, and our method of attack on the 
problem of cell respiration would be wrong in principle. Wo 
have, therefore, during the years in which the heavy metal 
theory of respiration was developing, busied ourselves with a 
study of the autoxidation of cysteine. We started with the con- 
viction that the cysteine or the solution in which the autoxidation 
was being studied had been contaminated with heavy metal salts : 

Bei der Darstellung des Cysteiiis — Reduktion des Cystins mit Zinn 
und Salzsiiiire — ist cine Venmreinigung mit Eisen schwer zu ver- 
meiden. Es ist uns nicht gelungen, eisenfreie Cysteinpraparate zu 
gewinnen. Wir nehmen deshalb zunachst an, dass auch in diesem 
Fall die Blausaurewirkung auf der Bindung des Eisens oder eines 
andern Schwermetalls beruft. 

This observation taken from a publication in 1921J started 
attempts in many laboratories to purify cysteine with a view 
to either proving or disproving the iron theory of cell respiration. 

3. Experiments of Abderhalden and Wertheimer 

Abderhalden and Wertheimer§ purified cysteine using all 

■f 0. Warburg, Bioch, Zeiischr. 174, 497 (1926). 

j 0. Warburg, ibid. 119, 134 (1921) [p. 152], 

§ E. Abderhalden and E. Wertheimer, Pflugers Archiv, 197, 131 (1922); 
198 , 122 (1923). 
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metlAds available. They were able to obtain preparations 
which gave no red cqjour with thiocyanate, but the cysteine 
remained autoxidizable : 

Aus alien unsern Versuchen geht hervor, dass auch ohno cine 
Spur Eisen die Oxydation des Cysteins erfolgt. Daraus ergibt sich, 
dass die Ansicht, die Otto Warburg ganz allgemein vertritt, in 
diesem Fall keine Geltung haben kann. 

The cyanides probably act by uniting with the sulphur group of 
the cysteine in the position where the oxygen ordinarily unites, and 
thus check the oxidation. 

This was the opinion of Matthews and AValker in 1909. 

4. Experiments of Dixon and Tunicliffe 

Dixon and Tunicliffef came to a different conclusion. They 
examined the rate of the cysteine oxidation and believed that 
they found that the velocity of the oxidation increased with 
time. They concluded that it was the oxidation product of 
cysteine, cystine, which brought .about the oxidation by some 
intermediate reaction. Actually, they found tliat cysteine was 
oxidized more quickly if cystine had been previously added to 
the solution. This was a very improbable result. Why should 
cystine transport molecular oxygen, and how could hydrogen 
cyanide react with it ? 

Probably in Dixon’s experiments the velocity of oxidation 
increased with time because heavy metal salts were dissolved 
from the walls of the containing vessel, and the addition of 
cystine probably promoted the reaction owing to its being 
contaminated with heavy metal salts. 

5. Pyrophosphate 

Accepting the view that the autoxidation of cysteine was 
really an example of heavy metal catalysis, it was difficult to 
see why only cyanide and not other complex-forming sub- 
stances should inhibit the oxidation. In testing several complex- 
forming substances we found that pyrophosphate inhibited the 

t M. Dixon and Tunicliffo, Proc. Royal Soc. London, B 94, 266 (1923). 
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reaction just as well as cyanide, f whilst orthophosphate, ^hich 
does not form complexes, was without eg^ect. 

This important experiment which settled in principle the 
problems of the autoxidation of cysteine is illustrated in Fig. 3. 

At any rate, from this time on, all the theories according to 
which the cyanide reacted with the cysteine sulphur were 



Fig, 3, Curve 1 : Cysteine in water \ 

Curve 2: Cysteine in pyrophosphate > pli 9-24. 

Curve 3 : Cysteine in cyanide / 

refuted, even if one did not admit the stoichiometric view and 
believed in activated molecules. For how could the pyrophos- 
phate react with cysteine sulphur ? 

Pyrophosphate has often been used in biochemistry for a 
similar purpose, but not always in an appropriate manner. 
Like every complex-forming substance, pyrophosphate can 
inliibit a heavy metal catalysis only when the phosphate com- 
plex is more stable than the catalytically active complex. It 
must also be borne in mind that heavy metal pyrophospliate 
compounds can act as oxygen transporting catalysts, e.g. iron 
pyrophosphate transports oxygen to carbohydrates,! and again 

f 0. Warburg aad S. Sakuma, Pfliigers Archiv, 209, 203 (1923) j S. Sakuma, 
Dioch. ZeUfichr. 142, 168 (1923). 

X H. A. Spoehr, Joum. Amer. Chem. Soc. 46, 1494 (1924). 
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cbpp* pyrophosphate! transports oxygen to cysteine. Pyro- 
phosphate diffuses onlj^ slowly, if at all, into the living cell, so 
that it cannot be used for the inhibition of metal catalysts in 
vivo. 

6. Purification of cysteine 

In order to substantiate our belief that pure cysteine is not 
autoxidizable, wc attempted its purification. It is now just as 
easy to obtain analytically pure cysteine as it was difficult at 
first to remove the traces of heavy metal salts which were 
retained from its preparation. J 

We succeeded in finding a simple method. § After reducing 
the cysteine with tin and hydrochloric acid we crystal li7,ed the 
cysteine hydrochloride from concentrated hydrocliloric acid 
solution and then extracted the crystals with acetone till the 
extract was colourless. Cysteine hydrochloride is sparingly 
soluble in acetone, but the associated metal salt impurity, iron 
chloride, is readily soluble. 

The cysteine thus obtained was not completely iron free, but 
it was pure enough for our purpose. 

7. Buffer solutions and vessels 

Neither Matthews and Walker, nor Abderhalden and Wert- 
heimer, nor Dixon and Timicliffe had envisaged the possibility 
that heavy metal salts might he present in the buffer solutions, 
and that the glassware might give up heavy metal salts to the 
solutions, particularly to those containing a substance like 
cysteine which so readily forms complexes. Of Avhat use was 
such pure cysteine if it were dissolved in impure buffers and 
shaken up in vessels from the walls of which heavy metal salts 
were being dissolved ? 

We therefore carried out the oxidation of cysteine in quartz 
vessels, and Ave purified our buffer solutions, so that Ave could use 
as a test of purity the rate of cysteine oxidation in accordance 
Avith our above-mentioned convictions. In this way it was soon 

t 0. Warburg, Bioch, Zeilschr. 187, 25o (1927). 

f S. Sakuma, ibid. 142, 68 (1923). 

§ O. Warburg, ibid. 187, 255 (1927). 
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shown that the rate of oxidation decreased as the inetliods for 
the removal of heavy metal salts were improved. 

The thiocyanate reaction, the purity test used by Matthews 
and Walker and Abderhalden and Wertheimer, was unsuitable 
for the following reasons : 

1. The thiocyanate reaction indicates only ferric iron, 
whereas ferrous iron must also be removed. 

2. Iron was not the only metal to be removed. Removal of 
copper and manganese, which are likewise catalysts for 
the oxidation, was also necessary. 

3. The objection to all stoichiometric tests was that their 
sensitivity was not great enough. In stoichiometric 
reactions the licavy metal reacts only once ; in catalysis, 
however, it may possibly react over and over again. 

8. Results 

If the quotient 

= c.mm. OaUsed/mg. cysteine/hour, 
then for the purest preparations under the same conditions 


(20^^, pH 7*4, air): 

,^02 

rroparation of Mafthows and WalUer . 

4-2 

„ Dixon and TiuiiclifTo 

. 12-6 

„ Warburg and Sakuma . 

0 048 


By our method of purification the rate of cysteine oxidation 
had therefore been reduced to 1/90 of the value of Matthews 
and Walker and to 1/260 of the value of Dixon and Tuniclifle. 
If we added to our pure cysteine solution iron, copper, or 
manganese salts, 1 mg. of the metal increased the oxygen uptake 
by about 100,000 c.mm. of oxygen per hour. Using this value 
and that for Qq^ obtained from the rate of oxidation of our 
purified cysteine, we could calculate how much heavy metal 
was contained in our purest cysteine preparation on the assump- 
tion that metal -free cysteine is not oxidized. In this way we 
found that per mg. cysteine 

0*048/100,000 = 4*8x10-7 mg. 
of iron, copper, or manganese was present. 
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' stoicliiometric reaction could show the presence of such 
quantities, and to eliminate amounts of this order in the 
solutions and vessels is, to say the least of it, very difficult. 
Whether pure cysteine is not oxidized at all or very inuc(j more 
slowly than one thought, is immaterial. The point is that tlie 
oxidation of cysteine which is inhibited by cyanide is not an 
autoxidation, but an example of oxygen transport by a heavy 
metal. 

9. Determination of iron, copper, and manganese t 

We have based a method for the detection and determination 
of iron, copper, and mangaucfte o\\ cata\;yVio o:^^\dat\o\\ of 
cysteine. Into the main vessel of a manomctric apparatus are 
introduced pure cysteine and purified buffer solution ; the side 
tube holds the solution to be investigated. The experiment is 
carried out in oxygen, not air as specified in the published 
method. The temperature of the thermostat is 20°. Before the 
contents of the side tube are added the rate of oxidation is first 
measured. This should be small it the method is to be sensitive. 
The solution containing the metal is then added from the side 
tube, and the increased rate of oxidation determined. If the 
apparatus has been calibrated with known amounts of heavy 
metal the amount of heavy metal added can be calculated from 
the increase in the oxidation rate. It is possible, moreover, by 
changing the buffer solution, to distinguish between copper, iron, 
and manganese. In borate buffer all three transport oxygen. 
In pyrophosphate solution, however, the catalysis with iron 
and manganese is.-inhibited, whilst the copper catalysis takes 
place even more vigorously than in borate. In calibrating our 
apparatus we found the following increased rates of oxidation 
produced by 1 y of the metal in each case : 

c.mm. Oj/y heavy metallhour 

Copper iu pyrophusphate, pH 7-6 . . 

Iron in borato, pH !)-3 . . • • 

Manganese in borate, pH 9'3 . * * 

The sensitivity of the method depends on the purity of the 

f 0. Warburg, Bioch. Zeitschr. 187, 255 (1927). 
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cysteine, the buffer solution, and the vessels. If these 'were 
quite pure the method would be extremely sensitive. Without 
addition of metal the rate of oxidation would be nil; after 
additic'n of the metal it would only be necessary to wait till 
the volume was sufficiently great before taking the reading. 

This ideal is not attainable, but it is easy to reach a state of 
purity such that 0-05 y of copjjer can be detected and determined 
with an accuracy of about 5 per cent. The increase in the rate 
of oxidation for this amount of copper amounts to 50 c.inra. 
oxygen per hour calculated on the above calibration values. 

Using this method we have discovered, for example, that 
phenohoxidasc is a copper protein. In this case it was not 
necessary to ash or hydrolyse the enzyme. The unhydrolysed 
enzyme was added from the side tube into the main vessel 
where it was split by pyrophosphate into protein and copper 
salt. 

10. Glutathionef 

Tn 1921 when the discussion over the autoxidation of cysteine 
started, F. G. Hopkins isolated from yeast cells glutathione, a 
tripeptide composed of glycine, glutamic acid, ai;d cysteine. 
This substance has been found in all eells examined, and is 
apparently an integral part of living cells. Like cysteine, 
glutathione is oxidized at room temperature and at neutral 
reaction by molecular oxygen, and the disulphide corresponding 
to that of cysteine is formed. According to Hopkins there are 
present in cells substances which reduce the oxidized gluta’- 
thione to the HS — compound. This observation indicates that 
glutathione behaves as an oxidation catalyk. The problem of 
the oxidation of glutathione by molecular oxygen was therefore 
of importance in connexion with respiration. Hoes the molecu- 
lar oxygen react directly with the HS — group of glutathione, or 
does this oxidation also involve a heavy metal oxygen transfer ? 

D. C. HarrisonJ answered this question. He found that the 
oxidation of glutathione was in all respects similar to that of 

t F. G. Hopkins, Biockem. Journ. 15, 286 (1921}; 19, 787 (192.5); Journ. 
Biol, Chem, 84, 269 (1929). Hunter and Eagles, ibid. 72, 147 (1927). 

f D, C. Harrison, Biochem. Journ. 18, 1009 (1924). 
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cysteine. The oxidation is brought about by heavy metal 
oxygen transfer. Cyanide inhibits the reaction by combining 
with the catalytically active heavy metal, The oxygen transfer 
by iron can also be observed in this case. Ferric glutathione 
formed by the addition of ferric salts has a violet colour. On 
standing, the colour disappears, and on shaking the solution 
with air it returns. If cyanide is added there is no colour change. 

Doubt was thrown on this clear-cut result by Meldrum and 
Dixoiif in 1930. They asserted that quite pure glutathione was 
not oxidized by molecular oxygen, even in the presence of iron 
salts, whilst quite pure cysteine with the same amount of iron 
was oxidized. They concluded from their observations that in 
the case of cysteine the heavy metal and cysteine were sufficient, 
but in the case of glutathione a third substance was necessary 
to enable the molecular oxygen to react. Meldrum and Dixon, 
however, could not put forward any views as to the nature of 
this third substance. 

Meldrum and Dixon were misled, in that the complex iron 
compound of cysteine is much more stable than that of gluta- 
thione. J If it is required to obtain the same rate of oxidation 
in solutions of cysteine and glutathione respectively, containing 
the same amount of iron, the concentration of glutathione must 
be much greater than that of cysteine. For similar reasons H. 
Hartniann§ was led to believe that ferrous glutathione, in con- 
trast to ferrous cysteine, does not react with carbon monoxide. 
Actually, after adding ferrous salts to glutathione solutions, 
carbon monoxide is only taken up if the glutathione concentra- 
tion is very high, d 

11. Hydrogen sulphide and sulphides|| 

Since cysteine and glutathione are derivatives of hydrogen 
sulphide, it seemed worth investigating whether pure hydrogen 
sulphide was autoxidizahle. 

When solutions of hydrogen sulphide, for which precautions 

t N. U. Meldrum and M, Dixon, Biocliem. Journ, 24, 472 (1930). 

t E. Kubowitz, Bioch. Zeitachr, 282, 277 (193.5). 

§ H. Hartmann, ibid. 223, 489 (1930). 

II H. A. Krebs, ibid. 204, 343 (1929). 
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had been taken to avoid the presence of heavy metal kalts, 
were shaken with air at 20°, no oxygen uptake was observed by 
Krebs using the manometric technique. In view of the activity 
of the*' metal, this meant that less than 1/50,000 part of the 
hydrogen sulphide present was reacting per hour with oxygen. 

When heavy metal salts were added the hydrogen sulphide 
was oxidized in air, nickel salts being particularly active. In 
strong hydrochloric acid solution iron and manganese were the 
most active metals. 


Metal sulphides were more sensitive to the addition of heavy 
metal salts than the free hydrogen sulphide. Krebs found the 
following activities using half molar sodium sulphide solution 
at 20°. 


Manganese 
Nickel . 
Cobalt . 
Ii’on 
Copper . 


c.mm. O^lmg. metal jhour 
96-0 X 10"^ 

6-6 XlO^ 

0-90 X 10® 

0-082 

0-071 


It can be seen, therefore, that a sodium sulphide solution con- 
taining O’OOly manganese required 100 c.mm. of ffxygen per 
hour. Since such small amounts of metal, which are not detectable 
by stoichiometric test, cannot be excluded from solutions and 
apparatus, it must be assumed that the oxidation of sulphide 
solutions takes place by oxygen transfer by heavy metal salts. 


12. Carbohydrates! 

Another example of apparent autoxidation is that of carbo- 
hydrates in hydrochloric acid solution which we discovered in 
1924. Although such oxidations probably do not take place 
in the living cell, they have been of importance in the respiration 
problem. More careful study showed that these apparent 
autoxidations were really examples of heavy metal catalysis. 
Like the oxidations of cysteine and glutathione, they were also 
inhibited by cyanide and pyrophosphate. 

t 0. Warburg and M. Yabusoe, Bioch. Zeitschr. 146 , 380 (1924) ; 0. Meyerhof 
and K. Matsuoka, ibid. 150 , 1 (1924); T. Wind, ibid. 159 , 68 (1926); 
H. A. Krebe, ibid. 180 , 377 (1926). 
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i3. \ntioxygens 

When aldehydes aije shaken with air at room temperature, 
oxygen is absorbed. Benzaldehyde, for example, gives per- 
beiizoio acid : 

CgHgCHO + O2 - C.H^COOOH. 

Moureu and Dufraissej found that this oxidation is inlubiied 
by small amounts of various substances which they called 
antioxygens. Hydroquinone, for example, is an antioxygen, 
but not hydrogen cyanide. WielandJ expressed the opinion 
that the biological action of hydrogen cyanide and the action of 
these antioxygeiis on aldehydes were related phenomena. 

Die antikatalytische Wirkung der Blausaure ist zweifellos allge- 
meinerer Art und kann nieht allein duroh die Hypothese von der 
uwwhkaamer Metallcyanidverbindungcn erklart werden. 
Wir habeii keine durehgreifend gultige EixMaTung iur 
wie wir die seltsame Beohachtung von Moureu, nach der Autoxy- 
dafcionen durch mini male Spureii von Phenolen geliemnit werden, 
nieht erklaren konnen. 

Actually these two phenomena have nothing to do with one 
another. According to Orland M. Heift',§ it appears that the 
oxidation of aldehydes takes place in a thin aqueous film on the 
walls of the vessel, and that the autioxygens cause inhibition 
by breaking up this film. To make biological comparisons, the 
antioxygens are to be compared with narcotics and not with 
hydrogen cyanide. 

t Moureu and Dufraisse, Compt. Rc.nd. 174, 258 (1922); 175, 127 (1922). 

X H. Wiolund in Oppenlieimer’s Handbuch der BiochoniCt 2n.d ed., 2, 252 
(1923). 

§ Orland M. Reiff, journ. Amer. Chem, Sor.. 48, 2893 (1926). 
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IRON, THE OXYGEN TRANSPORTING 
CONSTITUENT OF THE RESPIRATION ENZYME 

1. Historical 

Ik Liebig’s Tierchemie published in 1843 there is a chapter 
entitled ‘Theorie der Respiration’ in which combustion in the 
animal body is connected with the presence of iron, Liebig’s 
iron, however, is not the iron of the tissue cells, but the haemo- 
globin iron of the red blood cells. Liebig believed that the 
combustion took place in blood, where the haemoglobin iron 
oxidized the biological substrates. ‘Die Blutkorperchen ent- 
halten eine Eisenverbindung, kein anderer Bestandteil der 
lebendigen Kbrperteile enthalt Eisen. ’ If Liebig were right, 
the combustion would be of no value to the tissue cells since 
the energy of combustion can only be changed into work at the 
point where it is hberated. Liebig soon realized this and omitted 
the theory of respiration from the next edition of his Tierchemie. 
But the confusion surrounding oxygen transport has continued, 
and has not even to-day disappeared from chemical literature. 
Leaving aside all this confusion between oxygen transport and 
combustion, and between haemoglobin and catalytically active 
cell iron, there remains one historical work of note, that of 
Spitzerf in 1897. In this work the opinion was expressed that 
oxygen transfer was associated with iron in the cells, and an 
attempt made to prove this experimentally. Spitzer minced up 
tissue, precipitated it with acetic acid, and found that the pre- 
cipitate promoted oxidations when in contact with air. For 
example, the oxidation of salicylaldehyde to salicylic acid, and 
that of the Nadi mixture to indophenol blue were brought about. 
Spitzer also found that the precipitate contained iron, and he 
expressed tiie view that the iron content and the oxidizing 
action were related. 

Experimentally, the work of Spitzer was unsatisfactory, 
since the main bulk of the precipitate was inactive cell substance, 
t W. Spitzer, Ffingera Archiv, 67, 615 (1897). 
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and ^Tiy decision as to whether the iron was associated with the 
inactive or the catalyt^cally active part was impossible to make. 
Actually this iron was really haemoglobin iron. Nevertheless, 
Spitzer was right, because his precipitate did contain, some 
oxygen transporting iron protein and cytochrome, i.e. the iron 
system of aerobic cells. 

On account of the imperfect experimental proof, Spitzer’ s 
views attracted little attention. It happened that Rohmamijf 
under whose direction Spitzer’s work had arisen, recalled in 
the year 1912 all the essentials of it. The year 1912 saw the 
birth of the Wieland theory and Rohmann’s recapitulation 
was really published as a result of this. From then on, how- 
ever, cell respiration was regarded as a direct autoxidation of 
biological substrates, oxygen transport by metals being super- 
fluous. 

A publication J on the part played by iron in the respiration 
of sea urchin’s eggs which appeared in 1914 did nothing at 
first to alter the state of affairs at the time. Then the researches 
on iron catalysis at surfaces and in solutions, which have been 
dealt with in the previous chapter, caused some doubt as to 
whether science had followed the right road. This was roughly 
the position when, in 1924, I put forward a tlieory which was 
perhaps premature, but which future work has proved to be 
correct. 


2. The theory§ 

Molecular oxygen which is used up by the respiration of 
aerobic cells never/eacts directly with the biological substrates, 
but always* and exclusively with divalent iron combined in a 
complex. Iron of a higher valency is thereby formed, and this is 
reduced back again to the divalent state by organic substances. 
Thus, in so far as the iron is concerned, the original state is 
regained. We therefore have a valency change in a complex 
iron compound by which the oxygen for the cell respiration is 

t F. Rohmann and T. Shmamine, Bioch. ZeAtschr. 42, 235 (1912). 

J 0. Warburg, Zeitschr,f, physiologischf:, Chem, 92, 231 (1914), 

§ 0. Warburg, Bioch. ZeiUchr. 152, 479 (1924) ; Chcmiache Berichte, 58, 1001 
(1925). 
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transported, and in this sense iron is the oxygen transporting 
partf of the respiration enzyme. , 

In order to avoid any misunderstanding as to what Is meant 
by the expression oxygen transport, I have graphically illus- 



trated the theory, the A^'alency changes of the iron being made 
clear by a cycle. 

The arrow in the diagram connects the molecular oxygen with 
the organic substance. It is shown as a dotted line in order to 
indicate that reactions in the direction of the arrow do not take 
place in cell respiration. 

3. Range of application of the theory 

It has been said that the greater the value of a theory, the 
more specialized it is, and the more general is its application. 
The theory of oxygen transport by the valency change of an 
iron complex compound was very specialized. Its application 
was, as the future has shown, very general, since the reaction of 
divalent iron is really that reaction by which molecular oxygen 
most often reacts in biochemistry. An exception to this, which 
the theory of 1924 admitted, Avas the substitution of other 
heavy metals for the iron. 'Es mag Ausnahmen geben — man 
denke an das Kupfer der Oktopoden oder an Henzes Ent- 
deckung des Vanadiums iin Blut der Aszidien — aber derartige 
Falle gehdren niclit in cine allgemcino Theoric der Atmung. ’ 

Thirteen years later we discovered that, in the respiration of 

t ‘Iron, the oxygen transporting part’, could be more correctly written as 
‘iron, the autoxidizable part of the respiration enzyme’. [Compare 
Chapter XVI.] 
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the phtato and of several fungi, the oxygen is trans])orted, not 
by iron, but by copper,. 

Tile yellow enzymes which could liavc been used to attach 
the theory have, as was shown soon alter their discA^very, 
detracted nothing from the truth and apiilieability of the iron 
theory. The yellow enzymes transport oxygon in cell extracts 
and in such anaerobic cells as have a degenerating oxygeii 
transporting system. In the aerobic cells, howe\'er, the yellow 
enzymes are intermediate members of the enzyme chain at the 
head of which stands oxygen transporting iron. 

4. The iron compound 

There are three types of substances mentioned in the theory, 
molecular oxygen, the iron compound and the organic substance. 

As regards the iron compound, it was only stated in the 
theory that this was a complex. There are several reasons for 
this assumption. The ferrous ion is not autoxidizable, and 
cannot therefore transport oxygen. Ferrous hydroxide is, 
however, autoxidizable, but it combines so firmly m ith cyanide 
that the cyanide inhibition of respiration could not be reversible 
if this compound were involved. 

In spite of our experiments with the blood eliareoal no 
mention was made of liaematiu in tlie theory of 1924. Meyerliof 
and D. C. Harrison, however, believed our exjierimeuts suffi- 
ciently conclusive for their assertion that tlie oxygen transi)ort- 
ing complex was a haematin derivative. 

‘We may imagine the structural surfaces of the cell to he like 
the charcoal surface', a mosaic of fields with and without iron, 
iron in definite combination similar to haematin. 

‘It is probable that oxidations in the tissue may be catalysed 
by organic compounds allied to haematin. J 

If this were right then all aerobic cells would contain hac- 
matins. Actually the haematin of yeast was discovered by 
Hans Fischer and Hilger§ in 1924. 

t 0. Meyerhof, Chemical Dynamics of Life Phenomena, p. 22 (Philadelphia, 
1924). ’ t D. C. Harrison, Biochem. Journ. 18, 1009 (1924), 

§ H. Fischer and J. Hilger, Z.f. physiologische Chem, 138, 288 (1924). 

5111 E 
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5. The organic substance 

In the graphic represeiitatiun of the theory the 'organic 
substance’ follows after the higher valency iron.' The intention 
was t5 leave the relationship between these two as indefinite as 
possible since the course of the reaction of the ferric iron was 
really more problematical than was the oxidation of the ferrous 
iron. If the question wore asked to-day, which substance 
reduces the iron of the oxygen transporting enzyme, the answer 
would be ferrous cytochrome. If, however, one includes the 
cytochrome iron with the oxygen transporting iron, then the 
course of the reduction of the iron is still a problem not com- 
pletely solved. According to the work of A. v. Szent-Gy6rgyi,| 
it is succinic acid in muscle which reduces the iron. 

The organic substance mentioned in our theory of 1924 was 
immediately changed by others into ‘activated substrate’, so 
that the iron theory and that of Wieland could be combined. 
Thus the original iron theory was falsified, and the incorrect 
theory of Wieland was not made any less incorrect. The sub- 
strates, w^hether activated or unactivated, do not reduce the 
iron, but reduce the alloxazine — or the nicotinamide— con- 
jugated proteins, about which nothing was known in 1924. 

The indefinite expression ‘organic substance’ was therefore 
appropriate in 1924. Anyone taking exception to this demanded 
too much of the theory. The hmiting of the theory to ‘iron, 
the oxygen transporting part of the respiratory enzyme’ was 
no defect in 1924, but rather an asset. 

6. Hydrogen cyanide 

The fact that cyanide combines with the oxygenTransporting 
iron to give an inactive complex was no consequence of the 
theory, quite the reverse. From a knowledge of the chemical 
properties of the anticatalyst, the chemical nature of the cata- 
lyst was recognized. 

As a result of the theory of 1 924, the question was often asked 
whether the cyanide combined with the divalent or the trivalent 
iron, or both. This question was answered in 1927 by deter- 
t A. V. Szent-Gyorgyi et al., Z.f. physiologische Chem. 236, 1 (1930). 
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mining the cyanide inhibition at different oxygen tensions. ‘j* 
The cyanide combince> with the trivalent iron. We found that 
the cyanide inhibition ol the respiration is independent of the 
oxygen pressure. 

If the cyanide had reacted with the divalent iron, the mole- 
cular oxygen and the cyanide would have conipeted for the 
iron, and the inhibition of the respiration would have become 
smaller with increasing oxygen pressure. 

7. Inhibition by narcotics 

Oxygen transport by iron has in the theory been designated 
‘catalysis at surfaces’, because narcotics inhibit cell respiration 
according to the same law as applies to the respiration of char- 
coal, 

Kurt H. Meyer J opposed this on the grounds that it was mere 
analogy, and that decisive biological proof was not available. 
He was quite right. On the other hand he was unable to suggest 
a single model experiment or analogy for his own view that 
narcotic inhibition of biochemical reactions is brought about by 
solution of the narcotics in the fatty constituents of the cells. 
By this I mean that he could not put forward any chemical 
reactions which were inhibited by narcotics in accordance with 
his theory. On the contrary, Kurt Meyer’s view has become less 
probable as our knowledge of the chemistry of enzymes has 
developed. How could the chemical reactions of conjugated 
proteins be inliibited by the solution of chemically indifferent 
substances like narcotics in the fatty constituents of the cell ? 
If we take the opposite view that chemical reactions which are 
inhibited by narcotics according to the homologous series rule 
are invariably surface reactions, then the question might still 
be asked to-day, why should it he the first reaction of the en- 
zyme chain that is affected by narcotics when they inhibit 
respiration ? The answer is that possibly all the stages of the 
enzyme chain of reactions are surface reactions, but that the 

t 0. W^irburg, Bioch, Zeitschr. 189, 354 (1927) [p. 372], 

i Kurt H, Meyer and H. Hopff, Z,J. physiologische Chem. 126, 281 (1923); 
Kurt H. Meyer and H. Hemmi, Bioch. Z&Uschr. 277, 39 (1935). 
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iron system has a special position of its own because it is in- 
soluble in water, whilst the other cnzynyis in the chain are all 
soluble. Enzymes dissolved in water arc not inhibited by nar- 
cotics ^except when the concentration of the latter is increased 
to that causing coagulation. 

It must, however, be emphasized with regret that the 
problem of narcotic inhibition has not been as sufficiently 
studied quantitatively as befits its importance. The chemical 
problem of respiration has pushed the physical problem, the 
inhibiting action of narcotics, into the background. In a more 
complete theory of ceU respiration which would deal with the 
energy changes taking place, the study of narcotic inhibition 
would take an outstanding place. 



CHAPTER VII 

DISCUSSION ON OXYGEN TRANSPORTING IRON 

In 1922 , eight years after the original work was done on oxygen 
transporting iron, Willstattcr, Wieland, and v. Euler met in 
Leipzig at a symposium on enzymes.! the papers read only 
one dealt with iron 'Fiir die Konstitution der Peroxydase ist 
das Eisen belanglos’.J This statement, apparently giving in- 
formation about the constitution of peroxidase, was an attack 
on the theory of oxygen transporting iron. It was the beginning 
of a polemic lasting a year, in which Wills tatter, Wieland, and 
V, Euler tried in the following roundabout way to disprove the 
theory of oxygen transporting iron. 

The prospects of isolating the oxygen transporting respiratory 
enzyme were small since it Avas not possible to arrange for 
respiration to take place in solutions. However, there were 
soluble enzymes which, like those involved in cell respiration, 
could be specifically and reversibly inhibited by cyanide: 
peroxidase, catalase and phenol oxidase. The properties of 
these enzymes appeared favourable for isolation. This isolation 
was carried out, and it was then shown that these enzymes 
contained no iron. 

In this way the presence of iron in the oxygen transporting 
enzyme was refuted, since uniformity demanded that all 
cyanide inliibitions should have a common explanation. 
[Peroxidase and catalase had been previously embraced by me 
in the iron theory. J] 

Had it been properly carried out, the above plan would have 
benefited enzyme chemistry. It would have shown that peroxi- 
dase and catalase arc haem derivatives|l and, therefore, actually 
compounds of iron. 

But the purest preparations which Willstatter, Wieland, and 

t ‘Vortrage zur Himdertjahrfeior dor Ges. Reutsch. Naiurforscher , Chem, 
Ber. .55, ,‘{583 (1922). 

t R. Willstatter, Chem, Ber, 55, 3601 (1922), 

§ 0. Warburg, Bioch. Zeitschr. 136, 266 (1928). 

II Hugo Theoroll, Ergebnisse der E 7 izymforschungf 9 , 231 (1943). 
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V. Euler’s co-worker Hennichs obtained as a result of ’their 
isolation attempts did not even show the spectrum of a haem. 
Therefore their preparations contained negligible amounts of 
the ei?,zymes. Willstatter and v. Euler believed their prepara- 
tions were almost pure and even had them analysed. They 
found that iron was present, but there was no relation between 
the iron content and the enzyme activity, so that they regarded 
it as proved that iron Avas not present as a constituent of either 
peroxidase or catalase. 

1. Willstatter ’s experiments with peroxidasef 

Between 1918 and 1923 Willstatter attempted to isolate 
peroxidase from horse radish, using adsorption methods. 

His most active preparation Avas 10,000 times as active as the 
dried root, a value Avhich did not indicate, but Avhich gave the 
impression of, purity. This impression was still further strength- 
ened in that Willstatter in lectures and in publications did not 
differentiate as well as one might liave wished between ‘gereingt’ 
and ‘rein’. 

In one step in the course of the purification, Willstatter found 
that the enzyme content increased while the iron content 
decreased. 



Activity 

Iron content 

Before purification 

670 1 

0-46% 

After purification 

.3,100 

0-06% 


This is the Avell-known experiment of Willstatter’s from which 
he drew the conclusion ‘iron compounds are closely associated 
Avith peroxidase, but the enzyme, however, does not contain 
the iron as an integral part of its structure Willstatter might 
equally well have concluded from the carbon or nitrogen con- 
tents of his preparations, which likewise did not parallel the 
activity, that the enzyme contained neither carbon nor nitro- 
gen. Strangely enough the iron -free peroxidase was regarded 

t R. Willstatter et al., Liebigs Ann, 416, 21 (1908); 422, 47 (1921); 430, 
269 (1923); Ghem, Ber. 55, 3601 (1922). 
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by sclience as an important disco very, f although no one could 
really have had an interest in such a negative finding. 

In regard to the activation of hydrogen peroxide by peroxi- 
dases the following may be said ; 

Since iron salts increase catalytically the oxidizing action 
of hydrogen peroxide to a marked degree, one might have 
invoked a similar action of the metal in the case of tlie enzyme. 
Willstatter’s result however, decisively contradicted such a 
view, since his enzyme preparations, already low in the iron 
content, became almost iron-free when in their most active 
state. 

The important results of Willstiitter’s enzyme studies are 
in disa-greement with the hypothesis that the cell jicroxidascs 
owe their action to an iron complex. { 

2. Hennichs’s experiments on catalase§ 

The contribution which the Euler Institute made to the 
discussion on oxygen transporting iron was one from S. Hcnnichs 
on ' Aktivitat iind Eisengehalt hochaktiver Katalasepraparate’, 
which appeared in 1926. Hennichs’s starting material was 
liver, and his highly active preparations contained 4 per cent, 
iron and 13 per cent. ash. In a comparison of the activity and 
iron content, these preparations gave the following results : 


Activity 

Iron content 

10113 

3-67% 

11442 

3-33% 

10872 

3-89% 

25000 

4-12% 


The activity and the iron content did not therefore run 
parallel, thus disproving the iron theory. Like Willstatter, 
Hennichs was therefore led astray. |1 The high iron content 
indicated that HenniclTs catalase consisted of blood haemin to 
a large extent. This being so, the fact that the activity and the 

t H. Wieland, OppmhehnQYs llandhudi dtr BwrMmie, 2nd od. 2, 252 (1923). 

J H, Wieland and W. Franke, jAeMgs Ann. 457, 1 (1027). 

§ S. Hf^nniohs, Chem. Ber. 59, 218 (1026). 

11 0. Warburg, ibid. 59, 739 (192G). 
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iron content did not run parallel to one another can be re'adily 
understood. Actually, catalase contains^O-l per cent, of iron.| 
Hennichs found four times as much, yet he tried to prove 
thereby that catalase contains none. 

3. Wieland’s experiments on catalasej 

In 1923 Wieland attemf)ted to isolate catalase from liver. 
His pirre.st solutions were ^completely colourless and clear’. 
Since, however, very dilute solutions of catalase are red, 
Wieland’s solutions could not have contained very much. He 
did not give any information as to the iron contents of his 
purest preparations. His main argument against iron had 
nothing to do with the isolation experiments, but rather was 
based on the reversibility of the cyanide inhibition. Thus 
Wieland found in 1925 what Schonbein§ had already discovered 
in 1868, namely, that the cyanide inhibition of catalase is 
rever.sible. And, just as Schonbeiii had done in 1<S6S, Wieland 
concluded that the cyanide inhibition could not be due to 
chemical reaction between the cyanide and the enzyme. All 
such reactions of cyanide are reversible. 

We believe that the experiments described leave no doubt that 
the cyanide inhibition of catalase is the result of adsorption, differing 
only in degree from the effect produced by indiflferent gases. 

In this case the adsorption theory was invoked to prove that 
catalase contains no iron. 

The results described above disprove, in the case of catalase at any 
rate, the opinion expressed elsewhere [0. Warburg]]) that the 
inhibition of the enzyme action by cyanide is ^ue to a more or less 
labile complex combination between it and the iron oh the surface 
of the enzyme. 

In the same way it might have been proved that haemoglobin 
contains no iron, since the carbon monoxide compound is also 
reversible. 

t H. Theorcll, Ergebnisse der Enzymforsck'img, 9, 231 (1943). 

J 11. Wieland, Liebigs Ann. 445, 181 (1925). 

§ Chr. F. Schonbein, Journ. prakt. Chem. 89, 22, 323 (1863) ; 105, 198 ^868). 

j| 0. Warburg, ‘Uber die Adsorptionskonstante der Blausaure’,‘Rw^em. 
Zcitschrijt, 119, 134 (1921). 
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As ‘’further evidence against the presence of iron in catalase 
Wieland put forward his observation that the methyl ester of 
prussic acid inhibits catalase. Actually this is not so, but 
probably Wieland's ester had contained free prussic acid. >Even 
if the experiment had supported Wieland ’s argument, however, 
why should the esters of hydrogen cyanide not react with iron ?j* 
Complexes formed by prussic acid esters and iron salts have 
been known for a long time, and K. A. HofniannJ showed that 
there are ca,ses in which the hydrogen cyanide can be displaced 
from iron complexes by its esters. 

Haemoglobin iron§ also reacts Avith esters of prussic acid 
giving dissociating compounds. Tliese will be dealt with in 
another part of the book. 

Amongst the iron catalysts|| there are some which are, and 
some which arc not inhibited by prussic acid esters. The 
catalytic action of the iron in blood charcoal and that of the 
iron combined with cysteine, for oxam])le, arc inhibited by the 
ethyl ester of prussic acid, Avliilst cell respiration and liver 
catalase are not inhibited. 

4. Wieland ’s experiments on polyphenoloxidase 

Somewhat later, in 1928, the work on the third cyanide sensi- 
tive enzyme, polyphenoloxidase, appeared. Wieland had 
attempted Avithout success to isolate it from the potato. Never- 
theless he came to the conclusion that this enzyme contained 
iron, and moreover, that it was a haem compound. ft 

We think it possible that a part of the catalytic action of the 
potato oxidaso is to bo attributed to iron. 

This result makes it probable that polyphenoloxidase is also a 
haem- containing enzyme. Since we have established its sensitivity 
towards cyanide and carbon monoxide, wc may assume that the 
active iron is present in the ferrous state .Jt 

t O. Warburg, Chem. Bcr. 59, 739 (1926). 

t K. A. Hofrnuiui, ibid. 40, 1772 (1907), 

§ 0, Warburg et al., Bioch, ZeAtschr. 214, 26 (1929). 

II S. Toda, ibid. 172, 17 (1926). 

tt H. Wieland and H. Sutter, Chem. Bet. 61 , 1060 (192.3); 63, 66 (1930). 

n H. Sutter, Ergehnisse der Enzymforschung, 5, 273 (1936). 
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In 1937 phenoloxidase was isolated in Dahlem.f It is iteither 
a haem compound, nor does it owe its action wholly or partly 
to iron salts. Phenoloxidase is a copper protein, related to the 
haempcyanins, the copper in which transports oxygen by virtue 
of its valency change cuprous 5 cupric. 

Wieland and Sutter had failed to observe in their work on the 
reacting group of phenoloxidase that the carbon monoxide inhi- 
bition was insensitive to light. Phenoloxidase must be a heavy 
metal compound in view of the cyanide and carbon monoxide 
inhibition, but it cannot be an iron compound because light 
has no effect on the inhibition by carbon monoxide. 

5. Wieland ’s experiments on iron catalysis 

In 1914 I observed that tartaric acid is oxidized at room 
temperature by molecular oxygen when a small amount of 
ferrous sulphate is added to the solution J and also that the 
oxidation of dihydroxymaleic acid is accelerated by iron salts. 

In 1928 Wieland and Franke§ repeated and confirmed this, 
at the same time referring to the biological importance of the 
reaction. 

It is too early to assess the biological connexion. Moreover our 
information with regard to the purely chemical aspect of the action 
of iron is still too meagre. 

Why, however, was the spectrum of the oxygen transporting 
enzyme which was available in 1928 not sufficient to show the 
biological relationshij) ? If our purely chemical information of 
the valency change of iron was considered too meagre, where was 
there to be found a chemical reaction abouit which we had less 
meagre information ? 

6. Hopkins ’s remarks|| 

Sir Frederick Gowland Hopkins at the twelfth International 
Physiological Congress summarized the contributions which 
had been made during the years 1914 to 1926. 

t V. Kiibowitz, moch. Zeitschr. 292, 221 (1937); 299, 32 (1938). 

% 0. Warburg, Z.f. physiologische Chem. 92, 231 (1914). 

§ H. Wieland and W. Franke, Liebigs Ann. 464, 101 (1928); 

II F. G. Hopkins, Skand. Arch.J. Physiologies 49, 33 (1926). 
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If itHs true that iron is the oxygen transporting part of the respira- 
tory enzyme, then the reaction between oxygen and iron is subordi- 
nate in importance to thb activation of the substrates. 

At that time information was available only about thc^iron, 
and nothing was known of the alloxazine and pyridine pro- 
teins, so it seeinod right to the scientist Hopkins, who was a 
romanticist, to rate the unknown as more important than the 
known. To-day, however, when the whole chain of enzyme 
reactions in respiration is known, the last link in the chain can- 
not be regarded as being of more importance than the first. 

7. Experiments of H, A. Krebs on papain 

L. B. Mendel and A. F. Blooclf found in 1910 that the pro- 
teolytic enzyme papain is activated by cyanide. The cyanide 
did not inhibit, but accelerated the action. In 1924 at a time 
when the discussion on the mode of action of cyanide was in 
progress, WillstatterJ put forward the theory that the cyanide 
activated the papain by forming with it a cyanhydrin. 

If this were so, then possibly the solution of the cyanide 
problem w^as to be looked for in another direction than that 
suggested by me. For if hydrogen cyanide formed a cyanhydrin 
with papain, it was difficult to understand why it did not form 
cyanhydrins with other enzymes. If the cyanhydrin accelerated 
the action of this enzyme, why should such a compound not 
inhibit enzyme reaction in other cases ? Heavy metals were 
apparently no longer necessary to explain the biological action 
of hydrogen cyanide. Willstatter’s theory had two defects. 
The first was that 14^ had no experimental basis, and the more 
serious one that it threw no light on the phenomenon which 
it was supposed to explain. The theory made clear neither why 
the papain without cyanide is inactive, nor why with cyanide 
it is active. 

Assuming the heavy metal theory of cyanide action to be 
correct, this was an exception to it, in that the cyanide activated 

t L. B. Mendol and A. F. Blood, Journ, Biol Chem. 8, 177 (1910), 

f R. Willstatter and W, Grassmarin, Z. f. physiologische Chem. 138, 184 
(1924). 
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papain by combining with a heavy metal inliibitor.^' This 
application of our views to papain activation was discussed in 
1926 by Myrbackf and later by Grassmann.J 

Iiif 1930 H. A. Krebs§ studied the problem experimentally 
at Dahlem. Krebs found that papain is inhibited by traces of 
heavy metal salts, and that this inhibition is removed by 
cyanide. He further found that commercial papain can be 
activated by pyrophosphate, a substance which has only one 
property in common with hydro- 
^ Zl— gen cyanide, namely, that it forms 

"I >' complexes with heavy metal salts. 

}j 1Z0^ This important result with pyro- 

™ j phosphate is illustrated graphi- 
cs — cally. According to my view, this 

I 0 5 10 1'5 experiment was just as decisive as 

Par;^s^aU°(Mole/ltre) corresponding ex- 

, periment with pyrophosphate in 

IiG. 5. Activation of papain by ^ r i • i • 

pyrophosphate fhe problem oi the autoxidation 

of cysteine. [I 

Since in the hydrolysis by papain only a little enzyme but 
much substrate is used, the inhibiting heavy metal salts are 
really introduced with the substrate into the solution. When 
Krebs freed the gelatin substrate from heavy metal impurities, 
the gelatin was split by papain, whilst impure gelatin was un- 
affected by the same enzyme preparation. Krebs therefore by 
freeing the solution from heavy metal salts could ‘activate’ 
papain without the addition of an activator. 

Grassmannft opposed this view of Ki;els, and suggested 
that in the action of cyanide on papain the HS-reaction was 
involved, though KrebsJ.]: did not consider that an objection. 
Other objections have been put forward. §§ On the whole, the 


Fig. 5. Activation of papain by 
pyrophosphate 


t K. Myrback, Z.f. physiologische Chem, 158, 231 (1926). 

J W. Grassmann et a/., ibid, 186, 183 (1930). 

§ H. A. Krebs, Bioch. Zeiisc.hr. 220, 281 (1930). 
ii Chapter V, section 5. 

tt W. Grassmann, Z.f. angewandie Chemie, 44, 105 (1931). 

Jt H. A. Krebs, Bioch. ZeiUchr. 238, 174 (1931). 

§§ E. Moschmann and E. Helmert, Z . /. physiologische Chem. 2 19, 99 (1933) ; 
220, 199 (1933). 
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view of Krebs does not appear to have been accepted, f although 
no one has put forward ^ better explanation. Like all objections 
to the heavy metal theory, these have been ]>rcdoiniiiantly of a 
negative character. 

Krebs is probably right. However, it is possible that there 
are difi’erent degrees of heavy metal poisoning of papain. At 
first the inhibition may be caused by the combination of the 
metal and the enzyme, and in the second stage by the oxidizing 
action of the metal so combined. In the first stage suitable 
complex-forming substances would reactivate the enzyme, but 
in the second stage this would only be possible by such sub- 
stances which were at the same time reducing agents. 

t M. Bergmann, J. S. Fruton and H. Frankel-Conrat, ,lourn. liinL Chem. 
119, 35 (1937). 
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CYTOCHROME 

1. The experiments of MacMunnfJ 

MacMuxn in 1885 discovered by spectroscopic examination 
that all animal cells 'from echinoderms to man throughout 
the animal hingdom’ contain haem compounds. These are 
present in two forms according to whether the cell is saturated 
with, or is cut off from, oxygen. 'They are joined proteids.’ 

‘ They are capable of oxidation and reduction and are therefore 
respiratory. ’ 

Whilst the oxidized haem compounds give no characteristic 
spectrum with visible light, in the reduced condition they show 
a four-banded spectrum. MacMurm found that the positions of 
the bands were about the same in all cells, the mean values 
being : 


605 mfi 

[ 567 w/i 

550 mu 

1 522 mfi 

yellow-rcd 

green 

green 

blue -green 

fitrong 

strong 1 

very strong ' 

I weak 


In accordance with their presence in muscle or in other 
tissues, MacMunn called the haem compounds Anyolmcmatins’ 
or ‘histohacmatins’. He found the greatest concentration in 
the wing muscles of rapidly flying insects. MacMunn was able 
to extract a part of the haems from the cells, and he was sur- 
prised that after the extraction they lost their ability to be 
oxidized by atmospheric oxygen. He observed : 

In studying the chroma tology of many invertebrates, I have been 
struck by the fact that while some of their colouring matters can be 
reduced by such agents as sulphide of ammonium, yet by shaking 
with air or by passing a stream of oxygen into them, they cannot be 
reoxidised ; in this point they afford a parallel to the histohaeniatins. 
Krukenberg has noticed the same thing, and he has justly concluded 
that the respiratory process of many of these animals is not as simple 
a matter as it is supposed to be. 

f C. A. MacMunn, Phil. Trans. Royal Soc. London^ 177, 267 (1885). 
t Id,, Journ. Physiology, 8, 51 (1887). 
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Thiis there arose at a remarkably early date a problem wliicli 
has only been solved ip recent years, namely, that tlicro are 
cell pigments which appear to react inside tlie coll ^vitli mole- 
cular oxygen and yet are not autoxidizable. To this class ?iiaiiy 
yellow enzymes also belong. The solution to this problem Avas 
the enzyme chain. The first link in the chain is always an 
autoxidizable enzyme, though it may not be recognizable 
spectroscopically, whilst the oxidation of the later links in the 
enzyme chain is brought about by those preceding them. 

2. Hoppe-Seyler’s objections 

The views of MacMunn Avere challenged in 1889 hy Hoppe- 
Seyler’s co-worker Levyj' Avho took the view that the 
myohaematins and histohaematins Avere substances of no phy- 
siological function, but decomposition products of haemoglobin. 
MacMunn J replied quite rightly that the histohaematins aa^ofc 
also to be found in animals having no haemoglobin and that 
their concentration Avas greatest in the muscles of insects without 
haemoglobin. But Hoppe- Seyler§ thought MacMunn 's reply 
invalid. The conditions in the lower forms of animal life might 
not apply to the higher animals. 

I have reported this discussion because it shoAvs hoAV danger- 
ous it is when people alloAV themselves to he influouced by false 
objections. MacMunn remained silent, and the result was that 
nothing more was heard of histohaematins during tlie next 
33 years. 

3. Experiments of Hans Fischer 

MacMinm’s discovery that not only the red blood cells, but 
that all cells contained haems was verified analytically in the 
years 1923 and 1924 by Hans Fischer.|| M am convinced of the 
correctness of MacMunn ’s results. ’ Fischer’s starting point Avas 
porphyria, a disease of man in AAFich large amounts of porphyrin 

t L. Levy, Z. f. physiologischc Chem. 13, 309 (1889), 

I C. A. MacMunjL, ibid. 13, 497 (1889); 14, 328 (1890). 

*§ F. Hoppe-Seyler, ibid. 14, 106 (1890). 

II Hans Fischer, Straldcnlhempie, 18, 185 (1924). 
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are excreted in the urine and faeces. In 1 91 13 Fischerf isolated a 
porphyrin which he called coproporphyrin I. He proved that 
the substance was different from tiie porphyrin of the blood 
haen?, protoporphyrin. Coproporphyrin I is tetraniethyl- 
porphin-tetrapropionic acid ; protoporphyrin is di m ethyl - 
divinyl-porpliin-dipropionic acid. Tlie arrangement of the 
methyl or vinyl groups and tiie propionic side chains in the 
two porpliyrins indicated that the one could not have been 
formed from the other. Hans Fischer therefore concluded that 
there are either red blood pigments the haems of which are 
different, or there must occur naturally haera compounds which 
are not blood pigments. The connexion with the work of 
MacMimn was thus established. 

The question as to how coproporphyrin I arises remains still 
unanswered to-day, but the discovery of two naturally occurring 
porphyrins started Fischer J looking for haems everywhere in 
living nature. He thus discovered that yeast contains haems, 
and moreover, to such an extent that if a pyridine extract is 
made of a little fresh baker’s yeast, it appears quite red. 
Fischer also found haems in plant cells and he isolated the 
corresponding porphyrins. 

4. Cytochrome§ 

Keilin’s work in 1925 confirmed the results of the spectro- 
scopic studies of MacMunn, and he attempted, moreover, to 
show|| the connexion between MacMimn’s work and the oxygen 
transporting iron of 1924, embodying ideas of Meyerhof and 
Ifarrison on the haem nature of the enzyme. 

Although Keilin in his work of 1925 erroneously identified 
MacMunn’s histohacmatin with the oxygen transporting en- 
zyme, this work was nevertheless of great importance in the 
solution of the respiration problem. Keilin then gave MacMunn 

t Hans Fischer, Munchener Med. Wochcnschr. 1916, p. 377 and 1923, p. 1143. 

j Hans Fischer et al., Z. f. physiologische Chem. 135, 2.'i3; 138, 288; 140, 
57 (1924); 144, 101 (1925). 

§ D. KeQin, Proo. Royal Soc. Lmdon, B 98, 312 (1925); 100, 129 (1926); 
104, 206 (1929); 106, 418 (1930). 

II Cf. chap. VI, section 4. 
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his rigjlitful place. He showed, however, that haems are more 
widely distributed in nature than MacMunn had believed. He 
confirmed the existence of Fischer’s yeast haem using the 
spectroscopic method, and by applying the ‘inhibition -tech- 
nique ’ to histohaematin, he paved the way to the recognition 
of these haem compounds as being links in the chain of respira- 
tion enzymes. It was, however, unnecessary to change the name 
of MacMunn’s histohaematin into cytochrome. Heilin replaced 
a name which correctly expressed the chemical constitution 
by a name which did not differentiate the histohaematin from 
other cell pigments. We shall, however, use the name cyto- 
chrome in aecordance with Kcilin’s wishes. 

Keilin attributed three of the MacMunn bands to three 
different haem compounds which he called cytochrome a, 
cytochrome b, and cytochrome c. 

Thefourtli MacMunn band (522 mg) ought to be common to all 
three cytochromes. Actually the band at o22 on closer examina- 
tion appears to consist of two or three separate bands as MacMunn 
had previously observed. Nevertheless it is probable that the 
522 band belongs to eytochrorae c and that the corresponding 
bands for cytochrome a and b cannot be seen on spectroscopic 
examination of cells owing to their low concentration. 

All four MacMunn bands are so-called secondary bands. 
The main bands which are situated in the blue region were 
discovered by us in H)31 using blue light.f We found in the 
blue region bands at 417 mg, 433 mg, and 449 nig. Of these, 
however, the last, as Keilin and HartreeJ showed in 1939, 
belongs probably in ;part to the oxygen transporting enzyme. 

To summarize : Cytochrome consists of three haem compounds 
which in the reduced or ferrous condition show the following 
bands : 



[ Cytochrome a 

Cytochrome h 

Cytochrome c 

1, Secondary bands 

605 m/r 

667 mjw 

550 m/x 

2. Secondary bands 

• 1 

? i 

522 

3, Main bands 

449 m/i 

433 mja 

417 mfi 


t O.Wai*biirgandE,Negelein.,Rwc;?*.j2eil<^cAr, 233, 486 (1931) ;238, 135 (1931). 
i D. Keilin and E. F. Hartree, Proc. Royal Sac. B 127, 167 (1939). 

5111 p 
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5. The experiments of Anson and Mirskyf 

Anson and Mirsky in 1925 showed thai^. the haemochromogeiis 
are dissociating compounds of ferrohaem (ferroporphyrin) with 
nitrogen-containing bases, such as ammonia, pyridine, and 
protein : 

ferrohaem + base ^ haemochromogen. 

Whilst the ferrohaems have no characteristic spectra, the 
haemoehromogens are distinguished by sharp band spectra, 
the positions of the bands being determined by both com- 
ponents, the haem and the base. The same haem forms different 
haemoehromogens according as it is coupled with ammonia, 
with pyridine, or with a protein. Different proteins coupled 
with the same haem give different haemoehromogens distin- 
guishable by the position of the bands. 

Since the haemoehromogens are dissociating compounds, 
any haemochromogen can be converted into another by reaction 
with a nitrogenous base. If the affinity and the concentration of 
the added base are adequate a new haemochromogen is formed 
by displacement. 

On account of its great affinity for haem, pyridine is a par- 
ticularly active substance in this respect. If a haemochromogen 
is dissolved in concentrated aqueous pyridine, the whole of the 
haem is converted into pyridine haemochromogen. Anson and 
Mirsky applied this to the cytochrome problem. They came to 
the conclusion that the haems of cytochrome b and c were 
identical and, moreover, that it was protohaem. The bands of 
cytochrome b and c are different, therefore, not on account of 
the haem, but on account of the protein t?omponent. Further, 
cytochrome a differs from cytochrome c in respect of both the 
haem and the protein. All that has been discovered since 
then is in agreement with this conclusion. 

6. Oxidation and reduction of cytochrome 

A stoppered glass vessel with plane parallel sides and of about 
200 c.c. capacity and 2 cm. internal width is two-thirds filled 
with a 20 per cent, suspension of baker’s yeast which has been 

t M. L. Anson tmcl A. E. Mirsky, Journ. Physiology, 60, 50, 1 61, 221 (1925). 
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previously washed with sodium chloride solution. On the near 
side of the vessel th(^ filament of a powerful metal -filament 
lamp is arranged, and on the other side a spectroscope is fitted 
up. If nitrogen is passed through tins yeast suspensiorJ> or if 
the suspension is allowed to stand undisturbed, the bands of 
reduced cytochrome can be seen. If, however, oxygen is passed 
through the suspension, the bands disappear because saturation 
of the cells with oxygen converts the cytochrome into the oxi- 
dized form. In this way it can be seen how cytochrome in 
respiring cells is oxidized and reduced. As MacMiinn said, 
‘They are capable of oxidation and reduction and are, therefore, 
respiratory. ’ 

7. Inhibition of cytochrome action by cyanide 

Keilin studied the oxidation and reduction of cytochrome 
using the same methods which we had employed for cell 
respiration. He found that the two processes were completely 
analogous. We found that cyanide and hydrogen sulphide 
inhibit yeast respiration: Keilin found that the action of yeast 
cytochrome was likewise inhibited by the same concentrations. 
We found that hydrogen cyanide ethyl ester and pyrophosphate, 
in spite of their being comp lex -forming substances, do not 
inhibit yeast respiration ; Keilin found that these compounds 
did not inhibit the action of yeast cytochrome. We found that 
indifferent narcotics inhibit yeast respiration by a difierent 
mechanism from that of cyanide; Keilin found that tliis was 
also the case for the action of yeast cytochrome. 

In view of this, at^one would have drawn the conclusion that 
cytochrome is the oxygen transporting enzyme. However, 
certain points of disagreement arose when the inhibition of the 
cytochrome action was more closely investigated, for example 
with cyanide. 

If oxygen is passed through a yeast suspension till the absorp- 
tion bands of cytochrome disappear and cyanide in sufficient 
quantity (N/10,000) to inhibit the respiration is added, the 
bands of the reduced cytochrome reappear in spite of the 
oxygen, and, moreover, these bands are exactly the same as 
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those to be seen in the absence of cyanide and oxygen. Cyanide, 
therefore, appeared to inhibit the oxi^^ation of cytochrome 
without reacting with it — a contradiction in terms. 

8. Keilin’s theory! 

Keilin did not consider this anomaly, but on the grounds of 
the concordant behaviour of cell respiration and cytochrome 
function towards inhibiting agents, he put forward the theory 
that cytochrome was the oxygen transporting enzyme. He 
replaced the iron in our scheme of 1924 by cytochrome iron. 

02 ^ ferro' cytochrome -> ferri- cytochrome —5- substrate, 

‘ Cytochrome is oxidized by the air and reduced by the tissue 
itself. ’ ‘The oxygen is constantly taken up by this pigment and 
given up to the cells. ’ 

The cytochrome, according to this theory, was therefore 
autoxidizable and, moreover, sufficiently so to transfer oxygen 
in respiration. 

9. Inhibition by carbon monoxide! 

In 1926 we examined the action of carbon monoxide on yeast 
cytochrome and found that it inhibited the oxidation of cyto- 
chrome iron at concentrations which were the same as those 
inhibiting respiration. 

In this case, too, as with the cyanide in Keilin’s experiments, 
the carbon monoxide did not affect the cytochrome hands. This 
substance, therefore, also appeared to inhibit the oxidation of 
cytochrome without reacting with it. 

10. The Warburg theory 

If it were assumed that in respiring cells the oxygen trans- 
porting enzyme oxidized the cytochrome, all difficulties would 
be eliminated. 

oxygen transporting enzymes cytochrome^ substrate. 
Cytochrome, although not autoxidizable, would be immediately 
oxidized when oxygen was present in the respiring cell, but only 

t I). Keilin, Proc, Royal Soc, B 98, 312 (192.5), 

t 0. Warbiu'g, Bioeh. Z. 177, 471 { 1926), and A. Reid, ibid. 242, 159 {1931}. 
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through the agency of the oxygen transporting enzyme. More- 
over, cyanide and ca^boiT monoxide, althougii they did not 
react with the cytochrome, would inhibit its oxidation by their 
reaction with the oxygen transporting enzyme. 

This theory was put forward by me at the Royal Societyf 
in London on 12 May 1927, and by Keilin| in Paris on 27 May 
1927. It was generally accepted. The discussion which then 
arose with Keilin and which is dealt with in Chapter XVT con- 
cerned the further question : What is the oxygen transporting 
enzyme ? Is it an iron compound or a haem compound or 
neither ? 

IL The sequence of the components§ 

If the three cytochrome components in the respiring cell are 
arranged in an oxidation-reduction chain, the question arises as 
to the sequence of the components. Eric G. Ball in 1938 
attempted to answer the question by the following experiment : 

A suspension of washed heart muscle was treated with enough 
hydrosulphite to allow the bands of the three ferrocytochromes 
to appear in full strength. By preventing access of oxygen, the 
oxygen transporting iron and also the reoxidation of the ferro- 
cytochrome were excluded. Then, oxidation-reduction systems 
of different potentials were added and their effect on the ferro- 
cytochrome bands observed. Large differences in the effect on 
the three cytochromes were seen. For example, the methylene 
blue system caused disappearance of only cytochrome b bands. 
With systems of considerably higher oxidation potentials only 
were the bands of v!^to chrome a and c made to disappear. 

In this way Ball determined the oxidation potential Eq 
(potential at which [ox.] — [red.]) of the three cytochromes and 
found: 

Cytochrome, a Cytochrome h Cytochrome c 
= -f 0-29 volt —0-01 volt -}-0-27 volt 

Ball concluded, therefore, that in the respiring cell, cytochrome 

t 0. Warburg, Die Eaturwissenuchajieni 15, 646 (1927). 

t D. Kfeilin, Soc. de Biologie Paris, Reunion PUniere, 27 and 28 May 1927. 

§ Eric G. Ball, Bioch. Zeitschr. 295, 262 (1938). 
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a oxidized cytoclirome c, which in its turn oxidized cytoclffomo 
b, so that the sequence of the iron atoms^ in the chain would be 
O2 ^ Oxygen transporting Fe -> ^ ^ 

If ifi the stationary state of respiration cytochromes a and c 
were present almost completely in the reduced state, whilst 
cytochrome b was almost completely in the oxidized state, then 
the Eq values would not determine the sequence of the cyto- 
chromes since r 

The sequence could therefore be different from that postulated 
by Ball. But under such conditions in the resting state of the 
respiration the ferro bands of cytochrome a and c would have to 
be fully developed, whilst that of cytochrome b need be hardly 
visible. Actually the situation appears to be just the reverse. 
The theory of Ball is, therefore, probably correct. 


12. Rate of cytochrome reductionf 

If a yeast suspension takes up A moles of oxygen per minute, 
and V mole of cytochrome component arc reduced per minute, 
then if the whole respiration proceeds over the cytochrome, 

A = Iv, 

since J mole oxygen is necessary to reoxidize 1 mole cytochrome. 

Using 1 c.c. bakers' yeast at 0° we found 

A = 0-34 c.mm. oxygen per minute, 

V = 4x0*32 c.mm. cytochrome per minute, J 
Thus the expected relationship between the/)xygen requirement 
and the cytochrome reduction was realized. 

It was shown by this experiment that the route over cyto- 
chrome is not just one of alternative routes, but that it is the 
main route by which the oxidation equivalent of the respired 
oxygen is carried forward. 

Note. The rather cumbersome arrangement of the experiment 
which we described in 1934 can be simplified in the following way : 

f E. Haas, Die Naturwissenschajten, 22, 207 (1934). 
j 1 millimole Fe 22,400 e.mra. 
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Thfe spectra of two similar yeast suspensions through which 
oxygen is continuously passed are projected one over the other. 
To suspension I, which serves as a control, a small measured 
amount of ferrocytochromc c is added. This, in spite of the 
oxygen, remains reduced as it does not penetrate into the cells 
and is not autoxidizable in solution. To suspension II there is 
added at a time tQ enough hydrogen cyanide to inhibit com- 
pletely the respiration. The band at 550 m^u, then appears in 
II also, and the intensity increases until at a time t it has 
reached that in suspension 1. If tz mole fcrrocytochrome had 
been added to I, then the cells in suspension II must have 
reduced n mole ferri cytochrome to ferrocyto chrome in a time 
t Iq, 

The experiment must be arranged so that the amount of 
c3dochromc added to I is not greater than one-third of the 
amount present in the yeast cells. Only then does the initial 
rate of cytochrome reduction correspond to that of the respira- 
tion in the resting state. 

13. Cytochrome cj 

Of the three cytochromes, the components a and b arc so 
firmly combined with the insoluble cell constituent that it was 
not possible in the past to dissolve them out. Contradictory 
statements are to be ascribed to the fact that the insoluble 
material, particularly in alkaline media, forms suspensions which 
arc difficult to centrifuge and wliich appear to be solutions. 

Cytochrome c which is soluble in water was isolated by Hugo 
Theorell. It is a conjugated protein of molecular weight 13,000 
and contains. 1 molecule of protohaem which corresponds to the 
determined iron content of 0*43 per cent. 

In contrast to haemoglobin, cytochrome cannot be reversibly 
broken down into the haem and protein. This is because the 
haem and the protein are joined together by two strong bonds, 
which one can visualize as being formed by the union of two 

t Hugo Theorell, Bioch. Zeitsohr. 279 , 463 (1935); 285 , 207 (1936). Hugo 
Theorell and Akoson, Journ. A mer. Chem. Soc. 63, 1804 (1941 ), Hugo Theorell, 
Erg&bnisse der Enzymjorschung, 9 , 231 (1943). 
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cysteine residues in the protein to the vinyl groups in the^haem, 
thus giving two thioether linkages. On mild acid hydrolysis 
the di- cysteine compound of the protoporphyrin is split off, but 
on strong acid hydrolysis, haematoporphyrin is obtained, as 
was shown in 1933 by Zeile and Renter. 

The colour changes of cytochrome which Theorell observed 
in the titration of the acid groups and which he determined 
colorimetrically are explained by the reversible action between 
the iron of the cytochrome and the imidazole groups of the 
protein, since the colour of the cytochrome during the titration 
changes just at those pH ranges at which the titratable acidity 
could only correspond to imidazole residues. 



CHAPTEli IX 


ACTION OF CARBON MONOXIDE ON CHEMICAL 
PROCESSES IN CELLS 

In the middle of last century Claude Bernardf discovered that 
the poisonous action of carbon monoxide is due to its action on 
haemoglobin. ‘ On voit par ces resultats que Toxyde de carbone 
deplace Toxygene du sang. ’ The equation for the displacement 

HbOa + CO^HbCO + Oa; 
and therefore the equilibrium may be expressed as 
HbO^ CO 
HbCO O 2 “ 

If CO/O 2 gives the relation of the gases in the surrounding 
atmosphere, then, at 37°, K has a value of the order of 1/200. 
The haemoglobin is therefore combined to the same extent with 
oxygen and carbon monoxide when the relative concentrations 
are given by CO/Og = 1/200. This condition is reached with 
air when it contains 0-1 per cent, carbon monoxide. At approxi- 
mately this concentration of carbon monoxide in inspired air, 
toxic symptoms appear in animals which have haemoglobin, 
because half of their haemoglobin is cut off from oxygen trans- 
port and the remainder is not sufficient to supply the tissues 
with oxygen. 

In 1895 John Haldane J showed that a mouse will remain alive 
at a carbon monoxide pressure of 1 atmosphere if the oxygen 
pressure is 2 atmospheres. Under these conditions the haemo- 
globin of the moust^ is completely combined with carbon mon- 
oxide, hut the oxygen dissolved in the blood is sufficient to keep 
the tissues supplied. 

Haldane’s experiment appears to confirm completely tlic view 
of Claude Bernard that carbon monoxide is a blood poison but 
not a cell poison : ‘ Apart from its action in putting the red cells 
out of action as oxygen- carriers carbonic oxide would thus 
appear to be a physiologically indifferent gas like nitrogen. ’ 

t Claude Bernard, Substances Toxiques, Paris, 1857, 

I John Scott Haldane, Journ. Physiology, 18, 201 (1895). 
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1. Action of carbon monoxide on cell respirationf 

In 1926 we found that carbon monoxide inhibits cell respira- 
tion. Bakers’ yeast suspended in phosphate solution containing 
glucose is introduced into the main compartment of a conical- 
shaped manometer vessel. The internal compartment contains 
potassium hydroxide to absorb the carbon dioxide produced by 
respiration and fermentation. The air space is filled with 
carbon monoxide and oxygen, or with nitrogen and oxygen. 
Effects due to the variation of oxygen pressure are thus elimi- 
nated, because the respiration in the two experiments is com- 
pared at the same oxygen pressure in the presence of carbon 
monoxide or nitrogen. ‘Inhibition’ in the following table 
represents, therefore, inhibition compared with the nitrogen 
control. 1 found, for example, 


No. 

Temperahire 

Gas mixture 

in volwne % 

Inhibition of the 
respiration 

CO 

O 2 1 

1 

20 

80-1 

19‘9 

35 


20 

88-6 

11-4 

61 

2 


80-7 

19-3 

38 


37-5 

87*7 

12'3 

60 

3 

37-5 

78-0 

22-0 

22 


37-5 

90-6 

9-4 

55 

4 

20 

78-8 

21-2 

. 24 


20 

790 

4.4 

72 

5 

37 ’5 

76-8 

23-2 

34 


37-5 

74-7 

5‘3 

77 

6 

37-5 

80-0 

200 

36 


37-5 

80-0 

44 

74 


In Experiments 4 to 6 the oxygen pressures vary at constant 
carbon monoxide pressures. As can be seen, the inhibition of 
respiration at the same carbon monoxide pressure becomes 
greater with decreasing oxygen pressure. This means that the 
action of carbon monoxide on respiration does not depend on 
the carbon monoxide pressure but on the relationship of the 
carbon monoxide pressure to that of the oxygen. This was an 
important result, from which it follows that the carbon monoxide 
attaches itself to the enzyme molecule at the point which under 
normal conditions is the site of the oxygen reaction. The value 
t 0. Warbujg, Bloch. Zeitsekr. 177, 471 (1926). 
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of the Vatio CO/O 2 which produces half inhibition of the respira- 
tion is generally about 10, whilst as mentioned above, the ratio 
CO/O 2 which brings abJiit half displacement of the oxygen from 
haemoglobin has a value of about 1/200. If the oxygen trans- 
porting enzyme reacts qualitatively with carbon monoxide and 
oxygen like haemoglobin, the properties of the enzyme and 
haemoglobin are so different from a quantitative point of view 
that there is no question of their being identical. 

Of those who worked on the physiological action of carbon 
monoxide, John Haldane was nearest to discovering that carbon 
monoxide is also a cell poison. The mouse which remained alive 
under a pressure of two atmospheres of oxygen and one of 
carbon monoxide might have been killed by the reaction of 
carbon monoxide on the body cells if Haldane had increased 
the carbon monoxide pressure by a further two atmospheres. 
J. B. S. Haldane carried out this experiment in 1927: ‘It is 
clear that CO has a poisonous action apart from its combination 
with haemoglobin, ’t 

2. Methods 

In the investigation of the action of carbon monoxide on 
respiration the following points must be taken into considera- 
tion : 

1. Dilute aqueous potash absorbs carbon monoxide with the 
formation of potassium formate : 

GO + KOH - HCOOK. 

For example we found J that 1 c.c. 5 per cent, potassium 
hydroxide at a carbon monoxide pressure of 1 atmosphere 
absorbs per hour : 

at 20° . . .2 c.mm. CO 

at 37® . . . 17 c.mm. CO 

If, therefore, the carbon monoxide inliibition of respiration 
is determined in our simple mano metric apparatus with potas- 
sium hydroxide in the inner compartment, a control experiment 

t J.‘B. S. Haldane, Bioch, Journ. 21, 1068 (1927). 
t 0. Warburg and eo- workers, Bioch, Zeitschr. 242, 170 (1931). 
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without cells must be set up and the volume change subfracted 
from the respiration value obtained using the same carbon 
monoxide -oxygen mixture. 

2. ^ Just as cells are able to increase the rate of the reaction 

CO 2 -f HgO = H,C 03 

it appears that they can also accelerate the reaction 
CO -f HgO - HCOOH. 

In experiments with feebly respiring cells such as red blood 
cells, the effect of this reaction becomes appreciable in relation 
to the respiration. In such cases a control vessel containing cells 
is set up, the gas space of which contains the same amount of 
carbon monoxide as in the experimental vessel, but no oxygen. 
This control gives the carbon monoxide absorbed by the potas- 
sium hydroxide and also by the cells, the necessary correction 
being made to the respiration values obtained with carbon 
monoxide. 

3. If the respiration is determined at a total gas pressure of 1 
atmosphere, as is usual in oiir manometric technique, then when 
the ratio CO/O.^ is large, the oxygen pressure in the gas space 
mast be small. Under these conditions the oxygen pressure in 
the cells, in which the oxygen is used up and into which it must 
diffuse, will be considerably smaller than in the gas space. The 
ratio CO/O 2 within the cell, which alone controls the reaction, 
is therefore usually unknown. The question as to how' the res- 
piration will change with change in the ratio CO/Og cannot 
therefore be quantitatively studied with the usual inanornetric 
arrangements. The following is a suil-able arrangement, f 
however: the vessel is made to rotate about a vertical axis at 
about 650 revolutions per minute. The cell suspension then rises 
up on the walls of the vessel and is rotated as a thin layer. The 
pressure change due to respiration is read off during the rotation 
using a cathetometer microscope with an accuracy of 0-05 mm. 
With this arrangement we could increase the value of the ratio 
CO/O 2 to 1,000. 

The measurement of carbon monoxide inhibition of respiration 
t 0. Warburg and F. Kubowitz, Bioch. Zeitschr. 214, 19 (1929). 
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at definite oxygen pressures is therefore not easy. The experi- 
mental material must be small unicellular organisms and, more- 
over, such as are not harmed by the high degree of agitation. 

4 . We have found| that carbon monoxide can be oxirj.ized 
in aqueous solution by molecular oxygen to give carbonic acid 
if small amounts of certain haems are added to the solutions. It 
appears that catalytic oxidation of carbon monoxide also takes 
place in cells, and on this account the respiration-inhibiting 
action of the carbon monoxide can be completely or partly 
masked. Per Eric Lindahl J has suggested that it would be 
possible to ascertain in inhibition experiments the extent of this 
carbon monoxide oxidation, which he assumes is the same in 
light as in darkness, by strongly irradiating the ceils in carbon 
monoxide-oxygen mixtures. Under these conditions the in- 
hibition of the respiration would disappear, but the combustion 
of the carbon monoxide would go on, so that, from the increase 
of respiration over the normal uninhibited respiration, the 
extent of carbon monoxide oxidation could be calculated. 

On the whole, the problem of the oxidation of carbon mon- 
oxide in respiring cells has not been methodically w^orked out. It 
appears certain that cells can bring about the absorption of 
carbon monoxide ; whether there is really a hydration or an 
oxidation of the carbon monoxide is not yet certain. 


3. The partition equation 

Since for the partition of haemoglobin between oxygen and 
carbon monoxide the equation 

i HhOa CO _ ^ 

HbCO O2 '' 


is applicable, on the grounds of analogy we can assume that in 
the partition of the oxygen transporting enzyme the corre- 
sponding equation PeO, CO „ ,,, 

FeCO O2 “ ' ' 

will hold. 

A verification of this equation by chemical analysis as in the 


t E. Nfigelein, Bioch. Zeitschr. 243, 386 (1931). 

j Per Erie Lindahl, Zeitschriftf, vergleichende- Physiologie, 27, 316 (1939). 
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case of haemoglobin is not possible. But if the assumption is 
made that in mixtures of carbon mopoxide and oxygen tho 
observed respiration is proportional to the amount of enzyme 
not combined with carbon monoxide, the ratio BeOg/FeCO can 
be calculated from the respiration inhibition. 

If represents the non -inhibited respiration and A the 
respiration inhibited by carbon monoxide, and 


then 

and 

then 


FeOa+FeCO - J Fe, 
A FeO, 

.FeCO 

n FeOg 
i—n FeCd’ 


and instead of (1) we can write 


n CO _ j. 
l-n Op ^ ’ 


( 2 ) 


in which on the left-hand side we now have only values which can 
be determined experimentally. To verify the equation it is only 
necessary to determine the respiration for various values of the 

ratio CO/Op and to sec if ^ remains constant. 

^ ^ l~n Og 

Using this method we found with Torula yeast j at 10°: 


CO 1 

Pressure change in 20 minutes 

1 w = — ■ 

PQ ' 

n CO 

l-nOa ^ 

0 j 

Pfi = —1*85 inm. 



23 

p = —0-90 mm. 

1 0*49 V 

21 

83 

p = —0*40 mm. 

0*22 

23 

440 

p — —0-10 mm. (calfnilated —0*09 mm.) 



1000 

p = 0 (calculated —0*04 mm.) 




When, therefore, the ratio CO/O 2 was increased from 23 to 83, 
remained constant with a value of if = 22. For 

l~n O 2 

CO/O 2 — IIO and CO/O 2 = 1000 the respiration was so small 
that K could not be calculated. If we substitute for K the value 


I 0. Warburg and F. Kubowitz, Bioch. Zeitschr. 214, 19 (1929). 
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22 and use it to calculate the pressure changes p, the calculated p 
values agree within the error of measurement (0-05 min.) with 
the values found. 

- — is neither constant for all types of cells, nor iftr the 

same cells under all conditions of culture. For example, we found 
constant K values in the case of Torula yeast from old cultures, 
but for the same Torula strain from younger cultures- the cells 
in which respired more strongly — lower and less constant values 
were obtained 



81= 

11 

n CO 

O 2 

40-hour culture 

19 

0065 

29 


68 

0-306 

30 

14-haur cultui'o 

4 

0-70 

9-3 


19 

0-27 

7.0 


In general, according to our results, there are cells for wliich 
the partition equation applies just as well as for haemoglobin. 
This is remarkable in view of the assunqition made in deriving 
Th FeO 1 

the expression - - -- — — and in view of the fact that the 

1— ?^heCO 

partition equation could onl}^ apply if four chemical reactions of 
the oxygen transporting enzyme in the respiring cell proceeded 
as uniformly as if the enzyme were present in pure solution. 

Cells for which the partition equation is applicable have been 
of use to us for the determination, from the photochemical 
action, of the molar absorption coefficient of the oxygen trans- 
porting enzyme. Fqr the determination of the relative absorp- 
tion spectrum of the enzyme, on the other hand, it is immaterial 
whether the partition equation applies or not. 

In many investigations of the action of carbon monoxide on res- 
piration, too much importance has, in my view, been attached to 
the partition equation. This may be attributed to haemoglobin. 
On the other hand, there is nothing more important from the 
point of view of the physiology of haemoglobin and from the point 
of view .of carbon monoxide poisoning in man and the higher 
animals than the laws governing the combination of oxygen and 
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carbon monoxide with the blood pigment. In so far as our prob- 
lem, the chemical mechanism of cell respiration, is concerned, 
the essential factors are that carbon monoxide inliibits this res- 
piration, that this inhibition depends on the ratio CO/Og, and 
that it is reversed by the action of light. Whether and to what 

extent the expression -- - ^ is constant does not matter. 
\‘~n O2 

4. The action of light on carbonylhaemoglobin*!* 

In determining the partition of haemoglobin between oxygen 
and carbon monoxide, Haldane and Smith happened to find 
that, for the same blood and the same gas mixture, the partition 
varied according to the time of the year. Blood saturated 
with a definite gas mixture contained more carbonylliaemo- 
globin in winter than in summer. As the partition determina- 
tions were carried out colorimetrically in daylight, Haldane 
and Smith thought that perhaps it might be the varying 
inteasity of the light which brought about the variation in the 
partition. Actually, measurements of the partition in direct 
sunlight showed that no carbon monoxide had combined, whilst 
the colour of the carbonylhaemoglobin immediately appeared 
when the measurements were made in diffused light. ‘The 
experiment could be repeated again and again, the colour 
alternately appearing and disappearing, so that it was evident 
that the carbonic oxide was not destroyed, but remained in the 
air of the bottle. Its affinity for the haemoglobin must have 
been diminished by the sunlight to at least a twentieth. ’ 

In this way Haldane and Smith discovered the photochemical 
dissociation of the carbon monoxide-iron compounds. 

5. Action of light on other carbon monoxide -iron com- 
pounds 

Probably all carbon monoxide-iron compounds arc light- 
sensitive. Iron pcntacarbonyl J is decomposed by light according 
to the equation 

2Fe(C0)5 = -f CO. 

t John Haldane and J. Lorraine Smith, Jmirn, Physiology, 20, 497 (1896). 
t J. Dewar and Jones, Proc. Royal Soo. A, 76, 558 (1905); 79, 66 (1907). 
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The carbon monoxide compounds of ferrous sulpliydryl com- 
pounds! decompose in light according to the equation 

^^^Fe(CO)2 = -f 2CO. 

On the other hand, up till now it has not been possible to 
decompose by light a carbon monoxide compound in which the 
carbon monoxide was joined to any metal other than iron. For 
example, the following are not light-sensitive: the carbon 
monoxide compounds of nickel, of nickel cysteine, of cobalt 
cysteine, of cuprous chloride, and of the copper in the haemo- 
cyanins. These results are important on account of their 
application to enzyme cliemistry. Reversible inhibition of an 
enzyme reaction by carbon monoxide indicates that the reacting 
group of the enzyme is a heavy metal. If the carbon monoxide 
inhibition is light-sensitive, then iron is the heavy metal. We 
have found no exception to this rule. 

6. Action of light on the carbon monoxide inhibition of 
respiration! 

A 75-watt metal filament lamp is placed under two conical 
manometric vessels which are shaken in a thermostat. Each 
vessel contains 2 c.c. of a dilute yeast suspension. The gas space 
contains nitrogen and oxygen or carbon monoxide and oxygen. 
The light is switched on and off for periods of 20 minutes. 

In Fig. 6, results of such an experiment are illustrated graphi- 
cally. As can he seen, the light in the nitrogen-oxygen mixture 
has no effect on thc^ respiration. The respiration inhibited by 
carbon monoxide, however, increases with the light and 
decreases in the dark. This means that the carbon monoxide 
compound of the oxygen transporting enzyme is decomposed 
by hght, just as was the case with carbonylhaemoglobin. In 
order to verify the influence of wave-length on the reaction we 
selected four regions of the spectrum, made their intensities 
the same and irradiated yeast cells, the respiration of which had 

t W. Cremer, Bioch. Zeitschr, 194, 2:H (1928); 206, 228 (1929); H. Hart- 
mann, ibid.'223, 489 (1930); F. Kiibowit?^, ibid. 282, 277 (1933). 

X 0. Warburg, ibid. 177 , 471 (1920). 
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• I 

been inhibited by carbon monoxide. Thus with light of the 
same intensity but different wave-length, we found; 

In the blue (436 m^a) strong action 
In the green (546 mja) weak action 
In the yellow (578 m^) weak action 
In the red (700-750 m/x) no action 



Fia. 6. Action of light on the carbon monoxide inhibition of yeast respiration. 

This is the experiment which gave rise to the method for 
the determination of the absorption spectrum of the oxygen 
transporting enzyme. 

7. Other experimental material , 

The inhibition of respiration by carbon monoxide, and the 
action of light on the carbon monoxide inhibition were discovered 
in experiments with yeast cells. The yeast cell is not, however, 
unique in this respect. Most aerobic cells which we have investi- 
gated have behaved in a similar way to yeast. 

x\mongst cells of the higheranimals which, fortechnicalreasons, 
are suitable material for study we have the following : blood plate- 
lets, the white cells of bone marrow, f and the strongly respiring 
t A. Fujita, Bioch. Zeiischr. 197, 189 (1928). 
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red blood cells found in plienylhydrazine anaemia, f Amongst cells 
of lower animals we mjiy mention sea urchins’ eggs whose be- 
haviour towards carbon monoxide and light has been thoroughly 
investigated by John Kunnstrom.J Aplant cellwhich, according 
to the work of Robert Emerson,§ behaves towards carbon mon- 
oxide and light like the yeast cell is the heterotrophic Clilorella. 

The investigation of tissues is more difficult than that of 
unicellular organisms on account of the difficulty of supplying 
oxygen to the cells at the low oxygen tensions at which carbon 
monoxide inhibition can be realized. Nevertheless, we have 
been able in qualitative experiments by the irradiation of thin 
animal tissue or of thin sections of tissues|| to show that they 
behave like yeast cells towards carbon monoxide and light. We 
have tried the following tissues: liver, chorion, retina, embryos 
of the chicken and the rat, and rat sarcoma. Using the retina it 
was possible to determine some points on the absorption spec- 
trum of the oxygen transporting enzyme from the action of liglit 
on the carbon monoxide inhibition. 

Francis 0. Schmitt^ has shown that, in the case of nerve, 
carbon monoxide inhibits the respiration, that the inhibition 
becomes smaller on exposure to light, and that in mixtures of 
carbon monoxide and oxygen the action current of nerve in- 
creases on exposure, 

8. Red blood cells 

The normal red blood cells of rabbits have a very small 
aerobic respiration. If the cells are saturated with air and kept 
at 3 S'’ in the absence of oxygen, it takes 40 houi^s till the cells 
have used up the oxygen in their oxyhaeinoglobin. If rabbits 
are injected over a long period with phenylhydrazine, the 
normal red blood cells are replaced by those having a respiration 
about 40 times greater, as Morawitz§§ found. 

t 0. Warburg ei al,, ibid. 242, 170 (1931). 
t J. Ruimstrom, Protoplasma, 10, 106 (1930). 

§ R. Emerson, Joum. General Physiology, 9, 469 (1927), 

11 0. Warburg, Bioch. Zeiischr, 189, 354 (1927). 
tt 0, Warburg and E. Ncgclein, ibid. 214, 101 (1929). 

Francis 0. Schmitt, Amer. Journ. Physiology, 95, 6.50 (1930). 

§§ P. Murawitz, Arch. Exper. Path, and Pharm. 60, 298 (1909). 
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If the action of carbon monoxide on red blood cells is investi- 
gated manometrically without special cpntrol experiments, it is 
foundf that the strongly respiring cells like yeast cells are inhi- 
bited by carbon monoxide. has a value of about 10. 

l-n O 2 

The respiration of the normal (weakly respiring) red blood 
cells appears not to be inhibited, however, under the same 
conditions— in fact it appears to be increased. The pressure 
reductions in carbon monoxide-oxygen are then greater than in 
nitrogen-oxygen. 

If the respiration, however, of the normal red blood cells is 
determined using all the controls recommended in section 2 of 
this chapter, then it is observed that the respiration of the 
normal cells is inhibited by carbon monoxide just as that of tlic 
more strongly respiring cells is. If, in these experiments, oxygen 
tensions of less than one-tenth atmosphere are used, the oxygen 
of the oxyhaemoglobin in all the vessels must be displaced by 
carbon monoxide, otherwise errors due to the dissociation of 
oxyhaemoglobin are encountered. 

All these precautions are unnecessary with the more strongly 
respiring blood cells, because so little material is needed that 
the formic acid formation from the carbon monoxide, and the 
dissociation of the oxyhaemoglobin are so small as to be of no 
significance in comparison with the respiration. 

The experiments with red blood cells respiring at different 
levels show why cells which respire strongly are better experi- 
mental material than the feebly respiring cells. This is the 
reason why the action of carbon monoxide on respii’ation was 
discovered with the strongly respiring cells of baker’s yeast. 

9. Muscle 

Of all experimental material, muscle is the most unsuitable 
for manometric experiments. If it is cut into thin pieces one is 
really working with muscle brei in which the normal respiratory 
enzyme chain is broken up. If the muscle is not cut up, the 
difficulty of diffusion especially at low oxygen tensions is too 

t 0. Warburg et al., Bioch. Zeitschr. 242, 170 (1931). 
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great. It is, therefore, necessary when the action of carbon 
monoxide on the respiration of muscle has to he studied, to 
perfuse the muscle artificially. The perfusion fluid must then 
be put under vacuum, and the liberated gases analysed, ^ince 
there are technical difficulties in this, such ox] 3 eriments have not 
yet been carried out. 

If washed muscle brei is extracted with phosphate and the 
extract precipitated with acetic acid, the preci])itate contains 
the muscle iron system whilst the yellow enzymes remain in 
the mother liquor. With this precipitate, which can catalyti- 
cally oxidize succinic acid to fumaric acid, and is therefore 
called succinic acid oxidase, it is possible to verify in simple 
manometric experiments how the oxygen transporting iron of 
the muscle behaves towards carbon monoxide. 

M. Dixonf in 1927 carried out such experiments, and as a 
result, he believed that succinic acid oxidase is not inhibited by 
carbon monoxide. Actually, succinic acid oxidase, just like the 
respiration of yeast, is inhibited, and the inhibition is light- 
sensitive as with yeast respiration. I would conclude from this 
that the respiration of the intact muscle is also inhibited by 
carbon monoxide. 

It should be iiientioned here, however, that according to the 
experiments of W. 0. Fenn,| the respiration of intact muscle is 
not inhibited by carbon monoxide. Fenn found that carbon 
monoxide brought about an increase in the respiration. We can- 
not bring our own experiments into harmony with Fenn’s results. 

10. Alcoholic fern^entation 

When the fbnnentation of yeast cells in nitrogen is compared 
with that in carbon monoxide, oxygen being excluded in both 
cases, no difference is observed. For example we found :§ 



In nitrogen at 
atmospheric pressure 

In carbon monoxide at 
atmospheric pressure 

Fermentation COj in 30 inin. 

95 c.mm. 

94 c.mm. 


t M. Dixon, Bioch, Joum, 21, 1211 {1927}. 

t W. O.'Fenn and D. M. Cobb, Amer, Journ. Physiology, 102, 379, 393 
(1932), § 0. Warburg, Biock. Zeitsekr. 177, 471 (1926). 
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Since it was possible that the carbon monoxide pressure of 1 
atmosphere might not have been sufficient to inhibit the fer- 
mentation, we increased the pressure to 60 atmospheres. The 
yeastr cells were shaken in steel bottles with phosphate solution 
containing sugar, nitrogen being present in one case, carbon 
monoxide in the other. The yeast was finally centrifuged off, 
and the decrease in the sugar content of the solutions determined 
polarimetrically. In both cases exactly the same amount of 
sugar had disappeared. Calculated on the basis of carbon 
dioxide production, a normal Q value for the fermentation w^as 
obtained in both cases. 

i.e. at 22° = 205 c.mm. COg/mg. yeast per hour. 

Alcoholic fermentation is, therefore, not inhibited by carbon 
monoxide. The fact that it is specifically inhibited by cyanide 
and nitric oxide is not incompatible with this result. f 

11. Lactic acid fermentation 

Since the components of the enzyme systems of lactic acid 
and alcoholic fermentation are the same up to carboxylase, it 
was to be expected from the behaviour of alcoholic fermentation 
that lactic acid fermentation would likewise not be inhibited 
by carbon monoxide. We found no inhibition of lactic acid 
fermentation using lactic acid bacteria, tumours, and red blood 
cells. 

There are, however, lactic acid bacteria, the fermentation of 
wliich is not a pure lactic acid fermentation, but which produces 
hydrogen and carbon dioxide as well . In such bacteria the pro- 
duction of hydrogen and carbon dioxide is inhibited by carbon 
monoxide. 

12. Butyric acid fermentation 

When Bacterium coli is cultured in media containing formic 
acid, it acquires the capacity to ferment formic acid to carbon 
dioxide and hydrogen : 

HCOOH ^ 00, + Hg. 

f 0. Warburg, Bioch. Zeiischr. 189, 3C4 (1927). 
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^ This 'fermentation is inhibited by carbon monoxide as 
Stephenson and Stichlandf found in 1932. In 1933 W. Kemp- 
nerj discovered that tlie butyric acid fermentation in which 
hydrogen is likewise produced is inhibited by carbon inontjxide. 
CellijO^ - C4H,02 + 2COj + 2 H 2 . 

For example, the inhibition of gas formation with Clostridium 
hutyricum amounted to : 


In 6 vols. % CO ; 

In 25 vols. % CO 

In 100 vols. % CO 



92% 


When butyric acid bacteria, the respiration of which has been 
inhibited by carbon monoxide, are exposed to light intensities 
which appreciably lessen the carbon monoxide inhibition of 
aerobic respiration, as for example in yeast, the light has no 
action. Intensities a hundred times greater, however, also 
decrease the carbon monoxide inhibition of butyric acid fer- 
mentation. § The gas forming enzyme of butyric bacteria which 
reacts with the carbon monoxide is, therefore, an iron compound. 
The determination of its absorption spectrum is described in 
Chapter XVIIL 

Kubowitzjj found that with butyric acid bacteria in which the 
gas formation has been inhibited by carbon monoxide, the 
breakdown of the sugar continues at almost the same rate. 
Instead of the usual product of butyric acid fermentation, 
however, lactic acid is formed. Probably in butyric acid fer- 
mentation the course of the reaction is the same as for lactic 
acid fermentation up to the point where pyruvic acid is formed. 
When the gas-formilig iron enzyme is blocked by carbon mon- 
oxide, the pyruvic acid, as in ordinary lactic acid fermentation, 
is reduced by the dihydropyridine to lactic acid. When the iron 
is free the pyruvic acid is decomposed according to the equation 
CH3COCOOH HjO = CH3COOH + CO2 + Hg. 

The dihydropyridine does not reduce the pyruvic acid to lactic 

t M. Stophensou aad L. H, Stickland, Biochern, Journ, 26, 712 (1932). 

t W. Kemprier, Bioch. Zeitsekr. 257, 41 (1933). 

§ W. Kempner and F. Kubowitz, ibid. 265, 245 (19.33). 

11 F. Kubowitz, ibid. 274, 285 (1934). 
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acid, Lut instead the acetic acid is reduced to acetaldehyde, two 
molecules of which condense to form butyric acid i 

2(CH3CH0) - 

13. Aerobic fermentation 

Although the enzymes of alcoholic and lactic acid fermenta- 
tion do not react with carbon monoxide, these fermentations 
can, however, be effected with carbon monoxide in a round- 
about way through the oxygen transporting enzyme. If the 
oxygen transporting iron in respiring cells is blocked by carbon 
monoxide, the rate of aerobic fermentation increases to that of 
the anaerobic fermentation although the cells arc saturated with 
oxygen. On exposure to light, however, the fermentation 
decreases again to the aerobic rate (Figs. 7 and 8), j,J 

Experiments such as are illustrated in Figs. 7 and 8 ])rove the 
incorrectness of all theories in which the Pasteur effect is ex- 
plained by a direct action of oxygen on the fermentation 
enzymes. It can be no accident that carbon monoxide and light 
act on the fermentation under just those conditions of pressure 
and intensity at which the oxygen transporting iron adds on 
and splits off carbon monoxide. But it is still impossible to say 
how the oxygen -transporting enzyme causes the Pasteur effect ; 
whether the ferric iron oxidizes the fermentation enzymes and 
thereby inactivates them (zymohexase comes to mind in this 
connexion), or whether other components in the resj)iratory 
enzyme chain inactivate the fermentation enzymes by oxidizing 
them, or whether the fermentation is inhibited by intermediate 
products of the respiration. 

F, Lynen§ believes, and has tried to prove it experimentally, 
that respiration reduces the amount of free phosphate available 
for fermentation. If this is so, it is difficult to understand how 
it can be possible to arrange conditions || under which both 
processes, respiration and fermentation, can proceed simul- 
taneously at their full rate. 

t O. Warburg, Bioch. Zeilschr. 177, 471 (1926); 189, 354 (1927). 

t A. Fujita, ibid. 197, 189 (1928). 

§ F/Lynen, Liebigs Ann, 546, 120 (1941). 

II 0. Warburg, Bioch. Zeitschr. 172, 432 (1926). 



CHAPTER X 


THE HAEM MODEL AND THE KERROUS CYSTEINE 
MODEL 

Ip yeast cells, the respiration of which has been inhibited by 
carbon monoxide, are exposed to light of different colours, but 
of the same intensity, and the effect is expressed graphically as 
a function of the wave-length,’)’ then a curve is obtained which 
'we have called the Caction spectrum’. If every quantum of 
light absorbed, independent of the wave-length, produced the 
same effect, the 'action spectrum’ would be an absorption 
spectrum of the carbon monoxide compound of the oxygen 
transporting enzyme. 

We tackled the problem first using model experiments. The 
action spectra which were obtained by exposing to light bio- 
logically important carbon monoxide-iron compounds were 
compared with their absorption spectra, to find out if they were 
the same. 

1. Haemin catalysis 

Pure cysteine, free from heavy metals, is not oxidized in 
neutral solution by molecular oxygen. Tf a small amount of 
blood haemin is added, however, the haemin J transports oxygen 
to the cysteine by virtue of the valency change ferrous ferric, 
until the cysteine has been oxidized to cystine. The catalysis 
is inhibited by carbon nionoxide§ and the inhibition is light- 
sensitive. 

« 

Tliis catalysis was not, however, a suitable modeh Firstly, the 
catalytic activity of the haemin is so small that haemin concen- 
trations which are too great for optical experiments arc re- 
quired. Secondly, the light sensitivity of the carbon monoxide 
inhibition is so small that the light intensities required for 
photochemical experiments are too great. 

t 0. Warburg and F, Xegelein, Bioch. Zeitschr. 193, 339 (1928). 

X B. C. Harrison, Biochem. Joum, 18, 1009 (1924). 

§ H. A. Krebs, Bioch, Zcilschr. 193, 347 (1928). 
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2. I>Jicotine haemochromogen, and pyridine haemo- 
chromogen 

Anson and Mirskyj" showed that in the biologically important 
haem compounds, the haems are combined with nitrogejicous 
bases. H. A. KrebsJ examined the inflncnce of such bases on 
the haem catalysis of cysteine oxidation and found that nicotine 
haemochromogen and pyridine haemochromogen were much 
more active than the free haem. Whilst 1 mg, ot iron in the 
free haem at 20 transported about 10,000 c.mm. oxygen per 
hour, this value increased on addition of nicotine or pyridine 
to about 1 ,000,000. The iron in the oxygen transporting enzyme 
is about 3,000 times more active than the latter, § but the 
catalytic activity of nicotine or pyridine haemochromogen was 
good enough for our experiments. 

Nicotine haemochromogen and pyridine haemochromogen 
arc only markedly catalytically active in cysteine solutions if 
iron salts are added. It is not, therefore, the HS — group of the 
cysteine, but the iron of the ferrous cysteine which reacts with 
the haem iron. Therefore the rate of the catalysis is not pro- 
portional to the concentration of cysteine, but ratlier to the 
concentration of iron salts as long as the cysteine is in excess 
over the iron salts. 

As we have two iron atoms acting in conjunction, 

O 2 ^ haem iron ^ cysteine iron ^ cysteine, 

suitable concentrations must be chosen so that the more direct 

route ^ • 

O 2 cysteine iron cysteine 

can he disregarded in favour of the route wliich takes in the 
haem iron. Complications could also arise in the inhibition of 
the catalysis by carbon monoxide and cyanide on account of 
the cysteine iron. In the inhibition experiments the con- 
centrations can also be so chosen that the action of the inhibitors 
on the cysteine iron can be disregarded. 

t M. L. Anson and A. E. Mirsky, Journ. Physiology, 60, 50, 1 61, 221 (1925). 
t H. A*. Krebs, BM. Zeitsekr. 204, 322 {1929), 

§ 0. Warburg and F. Kubowitz, ibid. 214, 5 (1929). 
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3. Action of carbon monoxidet 

Carbon monoxide inhibits this cataly^sis and Kght causes the 
inhibition to disappear. If one plots the oxygen uptake as a 
function of time, curves analogous to those for the carbon mon- 
oxide inhibition of respiring cells are obtained (Figs. 9 and 10). 
These carbon monoxide inhibitions are just as light-sensitive 




Fig. 9. Inhibition of the 
pyridine haemochromo- 
gen catalysis by carbon 
monoxide and the action 
of light. 


Fig. 10, Inliibition of 
nicotine haemocbro- 
mogeii catalysis by 
carbon monoxide and 
the action of light. 


as those in cell respiration, therefore the pyridine and nicotine 
haemochromogen catalyses were very suitable for our optical 
model experiments. 

4. Action of hydrogen cyanidej 

Cyanide inhibits the nicotine haemochromogen and the 
pyridine haemochromogen catalyses, and the action is reversible 
as in the case of cell respiration. Hydrogen cyanide therefore 
forms with both catalysts dissociable chemical compounds. 

The important question as to which oxidation level of the 
iron reacts with the cyanide has been ascertained in the follow- 
ing way. If increasing amounts of cyanide are added to the 

t H. A. Krebs, Bioch. Zeitschr. 204, 322 (1929). 
t Id., ibid. 189, 354 {1927). 
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system in which pyridine liaemochroniogen transports the 
oxygen, half inhibition .pf the catalysis is found to take place at 
a cyanide concentration of 2*60 x IQ-^ mole/litre. 

If, on the other hand, increasing amounts of cyanide are 
added to pure solutions of the catalyst it is found that at a 
cyamde concentration of 2-67 x 10-^ mole/litre, half of the iron 
is combined with cyanide when the catalyst is in the ferric state. 
At the same cyanide concentration no iron is combined with the 
cyanide if the catalyst is in tJie ferrous state. 

The cyanide reacts, therefore, with the ferric state and not 
with the ferrous state of the catalyst when inhibition takes 
place. Just as in vivo cyanide inhibits, in model ex])eriments, 
not the oxidation of the ferrous iron but the reduction of the 
ferric iron. Perhaps the simple reactionf 

>PeOH + HCN = >FeCN + H,0 

is responsible for the cyanide action in tliis case as well as in 
vivo. 

5. Action spectrum J 

The same amount of a solution containing cysteine as sub- 
strate with feri'ous sulphate and nicotine haemochromogen as 
catalysts was added to two manometric vessels of the same size. 
The vessels were then connected to a differential manometer. 
Gas spaces in both vessels were filled with the same mixture, 
21 per cent, by volume of oxygen and 79 per cent, by volume of 
carbon monoxide. On shaking in a darkened thermostat no 
difference in the level of the differential manometer was ob- 
served because in bc>th vessels the same amount of oxygen was 
used. The amount of oxygen used was small on account of the 
inhibition of the oxygen transport by the carbon iTionoxide, 
When, however, one of the vessels was exposed to light a 
difference in level occurred, because in the exposed vessel 
carbon monoxide was split off from the catalyst. 

The light used was monochromatic and of measured intensity. 
From the intensity quanta and the manometer reading the 

t 6. Warburg, Zeitschrift f. angewandte Chemie, 45, 1 (1932). 
t 0. Warburg and E. Negelein, Bioch, Zeiischr. 200, 414 (1928). 
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action spectrum was worked out. The action spectrum was 
compared with the absorption spectrpm of the catalyst, or 
rather tJie spectrum of the carbon monoxide compound, since 
it is ithe carbon monoxide compound of the catalyst which is 
affected by the light. The absorption spectrum was detonnined 
bolomctrically for the same wave-lengths as had been used in 



Fig. 11. Spectrum of the carbon monoxide nicotine haeinochromogon. 
The line represents the bolomctrically measured spectrum ; the crosses, 
' the points calculated from the photochemical action. 


the determination of the action spectrum. Taking arbitrary 
values of 1 for the light absorption coefficient and the photo- 
chemical action for a wave-length of 436 m/A we found: 


Wave-hnyth 

TUfi 

36(i 

405 

43fi 

492 

546 

578 


Photochemical 

action 

{)-98 

2*84 

100 

0-29 

0-49 

0-26 


Light absorption 
coefficient 

0-80 
264 
1-00 
O' 27 
0-48 
' 0'33 


In Fig. 11 the result is expressed graphically. The line was 
obtained by joining the six points determined for the absorption 
spectrum. It is not a complete spectrum because the number of 
points taken was too small. The crosses are the points obtained 
from the photochemical action determinations. 

Considering the limits of error in the measurement we can 
say that the action spectrum is really the absorption spectrum 
of the carbon monoxide compound of the catalyst. 
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6. Ferrocysteine 

Our second model f.)r testing the relationship between the 
action of the light and its absorption was ferrocysteine, the 
carbon monoxide compoundf of which is decomposed accifl-ding 
to the equation 

Fe(CO)2 - Fc + 2CO. 

If a carbon monoxide ferrocysteine solntion is exposed to 
light of constant intensity in a closed vessel, tlie carbon monoxide 
pressure increases until just as much carbon monoxide reacts 
per minute as is split off photocliemically. 

Optically thin layers of a carbon monoxide ferrocysteine 
solution were exposed to monochromatic light of different 
wave-lengths, the intensities being so equalized tliat all wave- 
lengths produced the same equilibrium jnossure of carbon 
monoxide. From the intensity quanta corresponding to the same 
degree of action, the action spectrum was then worked out. 

We compared the absorption spectrmn measured bolo- 
metrically for the same wave-lengths with the ])hotoeiiemical 
action spectrum. 

Assuming an arbitrary value of 1 for tiie light absor]Rioii 
coefficient and the photochemical action at wave-length IHfi mp. 
the results were.J 


W ave-length 

mfi 

366 

405 

436 * 

*492 
546 
578 


Ffiofochem'ical 

action 

1-41 

0- 92 
100 

1- 44 
0-32 
0-056 


Light ahnorption 
coefficient 

1-40 

0-96 

]- 0 () 

1'30 

0-35 

0-067 


In Fig, 12 the result is graphically illustrated. Within the 
error of determination the action spectrum is the same as the 
absorption spectrum of the carbon monoxide compound. 

t W. Cremer, Bioch. ZcUsc.hi\ 194, 231 (1928); 206, 228 (1929). 

{ 0, Wurburg uiid E. Negelein, ibid. 200, 414 (1928). 
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7. Results 
The expression 

Action spectrum = Absorption spectrum 
has been proved to apply for two iron compounds both of which 
are present in the living cell, but which are quite different in 
chemical constitution. Moreover, the iron in one compound is 



36 0 400 m m 5Z0 560 

X(m^) 


Fig. 12. Spectrum of carbon monoxide -ferro cysteine. The line represents tho 
bolomotrically measiu“ed spectrum ; the crosses, the points calculated from the 
photochemical action. 

combined with one molecule, and in the other with two mole- 
cules of carbon monoxide. 

Further, the methods by which the action of light was 
determined were different. In the case of the haem model the 
extent of the light action was determined, not by the amount 
of carbon monoxide removed from the iron, but by a reaction 
dependent on this, namely, the increase in catalytic oxygen 
transfer hy the iron set free on exposure. In the case of the 
ferrocysteiiie model, the amount of carbqn monoxide split off 
from the iron was used as a measure of the action of the light. 

The two methods are supplementary to one another. The 
first method is the one which has been used with cell respiration 
and the aim of the model experiment is fully realized. The 
second method depends on the determination of the primary 
product of the photochemical action and is, therefore, more 
comprehensive in a physical sense. 

On the basis of these model experiments alone the expression 
Action spectrum = Absorption spectrum 
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could \>e applied directly to the carbon monoxide inhibition of 
cell respiration, i.e. to the carbon monoxide compound of the 
oxygen transporting enzyme. Further theoretical and experi- 
mental investigation has, however, been necessary because the 
action spectrum gives only the relative absorption spectrum, 
whilst for chemical classification of the enzyme it is desirable 
to determine also the molar absorption. In contrast to the 
spectrum analysis of an element the position of the absorption 
bands is not sufficient for identification in the case of carbon 
compounds. 


Bill 


H 



CHAPTER XI 

PHOTOCHEMICAL DECOMPOSITION CONSTANT 

When cells, the respiration of which has been inhibited by 
carbon monoxide, are exposed to light, there is a small though 
definite time lag till the respiration value in darkness increases 
to that in light, the latter corresponding to the colour and the 
intensity of the light used. It can be readily understood that 
this transition time for a given wave-length and intensity will be 
the shorter the greater the absorption of the light by the carbon 
monoxide compound of the oxygen transporting enzyme. This 
relationship can be used to determine the light absorption 
coefficient from the transition times in monochromatic light. 

In this chapter the formulae necessary for the calculation 
will be derived, first, for the simpler cases, then for the oxygen 
transporting enzyme. I have chosen as the heading of this 
chapter ‘Photochemical Decomposition Constant’, because this 
subject is the main one discussed and its experimental deter- 
mination is dealt with. 

1. Photochemical yield 

When p light quanta are absorbed by a substance, and as a 
result p' molecules of the substance react chemically, the photo- 
chemical yield , 

<!> = ( 1 ) 

P 

If p^ — p then = 1. This is Einstein’s photochemical equiva- 
lence law. 


2. Quantum intensity 

If the energy of the incident light is i' gram calories per sq. 
cm. per minute, the quantum intensity i is given by 


i 


Nfjhv 


[mole quanta/cm.^minute], 


where NqKv is the energy of 1 mole quantum in calories. This 
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energy Is proportional to the frequency or inversely proportional 


to the wave-length of tlie light and it amounts to 

WavR-length 


{mix) 

{cal. 1 mole) 

366 

77 500 

405 

70050 

43G 

05 1 00 

492 

57 700 

546 

52000 

578 

49 100 

660 

43 000 

1000 

28 400 


3. Photochemical decomposition constant 


In a solution exposed to light let 
c = concentration of the light sensitive substance 


^ = its light absorption coefficient 


mole 


> -i fmole quanta] 

I = the quantum intensity - — ^ - — 

[ cm.“ nun. J 

d ~ the thickness of the solution layer (cm.) 

q — the surface exposed (cm. 2) 

t ~ time of exposure (minutes) 

, . , 1 . I • fmole substance] 

(h — iihotoehemical yield . 

[ mole quanta J 



Let the light be monochromatic, and the concentration c and 
the thickness of the layer d be so small that only a very small 
part of the light is absorbed as it passes through the solution. 
Thus, the light intensities of the incident and the issuing light 
may be assumed to be the same (Fig. 13). Then in the exposed 
solution 


mole quanta are absorbed per minute. 

1 mole of the substance reacts per minute when the photo- 
chemical yield " 1, and a fraction ^ when the photochemical 
yield equals (j>. Therefore, in the solution there are 

^^qd, = <f>i^qdc 


moles substance per minute decomposed. 


( 2 ) 
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If we divide both sides of (2) by the volume of the solution qd, 
we obtain the velocity of the photoche^mical reaction for the 
quantum intensity 

(3) 

If we divide both sides of (3) by the concentration c, we obtain 


I j 



I \ 

^ Fig. 13. ^ 


the photochemical decomposition constant for the quantum 
intensity i : 


To simplify let 


-dcldt 

c 

—dcjdt' 






then instead of (4) we can write 


(5) 

The meaning of this remarkably simple equation which I 
derived in 1928 j is clear. If it is desired to determine in any 
photochemical reaction the time required for half decomposition 
to take place, and if the light intensity which brings about the 
decomposition is known, then equation (5) gives the product 


# = 


• ) 

Z 


that is, the photochemical yield </> if the light absorption 
coefficient is known, or jS if ^ is known. 


4. Irreversible photochemical reaction 

The determination of the photochemical decomposition con- 
stant is simple if the products of the decomposition do not react 
t 0. Warburg and E. Negelein, Bioch. Zeitschf. 202, 202 (1928) [p. 216]. 
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again with one another. As an example of this we may take the 
destruction of the enzyme urease by ultra-violet light. t 

Very dilute solutions of the enzyme were exposed to ultra- 
violet light until a part of the enzyme was destroyed, ihat is, 
made incapable of converting urea to carbon dioxide and 
ammonia. 

If the activity of the enzyme was before, and W after the 
exposure, the photochemical decomposition constant for an 
exposure of t minutes with a quantum intensity i would be 
w 



t W 


( 6 ) 


Wo 


A necessary condition of such experiments is that the exposed 
solution should be optically thin. Only then is the photo- 
chemical decomposition constant the same throughout the 
solution, and only then is it immaterial whether or not the 
products of the decomposition absorb light. 


5. Reversible photochemical reaction 

Carbon monoxide haerhochroinogens dissociate in the dark 
according to the equation 


FeOO ^ Fo + CO. 


(7) 


On exposure to light, in addition to the dark reaction there 
is a photochemical decomposition of the carbon monoxide 
compound, whilst the reverse reaction of the decomposition 
products is not affected by the light. In a solution of a carbon 
monoxide haemochromogen exposed to light we therefore have 
three simultaneous^ reactions, two dark reactions and a photo- 
chemical onfe. The problem is to determine in such solutions the 
photochemical decomposition constant. Let 

Fe — the concentration of the haemochromogen, 

KeCO — the concentration of the CO -haemochromogen, 

— the dark decomposition constant of the FeCO, 

Zi = the photochemical decomposition constant of the 
FeCO, 

i — the light intensity, 

t F. Kubowitz and E. Haas, ibid. 257, 337 (1933). 
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h = the velocity constant of the reverse reaction, 
pQQ ~ the pressure of the CO, . 
t = the time. 

Then , 

in the dark: — = FoCO--6jpcoTe, 


in the light : 


dt 




and at equilibrium, when d^Qjdt — 0, we have 
in the dark: 

FeCO b 


(8) 
(8 a) 


(9) 
{9 a) 


In equations (8) and (8n) the carbon monoxide pressure 
should remain constant at all times, a condition which can easily 
be fulfilled experimentally. Then 6pco i® a velocity constant 
independent of time. 

Let bpco = p, Zi = "rf, ^d+h "*■ (19) 

Dividing both sides of equations (8) and (8 a) by J Fe and 

letting F, FeCO , 

= n, = l—n, 

2 Fe 

we obtain (8) and (8 a) in the form 

darkness: ^ n)— pn, (11) 

light: = ai;,(l -»)-/)». (11a) 

At eqn ill brill in {dnjdt = 0), n in darkness has the value and 
in light the value % determined by the light intensity. These 
equilibrium values of n are, according to (11) and (11 ti), related 
to the velocity constants co and p according to the expressions: 


^ 

P 

P 1*“%' 


~~ = 

^di-p 

(12) 

~n 

— 

(12a) 
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I 

When the reaction is not at equilibrium n changes with time. 
When we go from dark equilibrium and expose, n increases from 
'^d When wc go from light equilibrium and darken, n 

decreases from % to n^. These changes of n during the trajsition 
periods we can obtain as a function of the time t by solving the 
differential equations (11) and (11a). Using (12) the solutions are 

darkness to light: n ^ (13) 

hght to darkness; n = (13«) 

where ^ when t = 0. 

If n can be measured as a function of the time t, then with the 
help of equations (13) the velocity constants (oj + p) can be 
determined, since from (13) and (13a) we have 

dark to light: (w^-fp) == -hi-” (Id) 

t n-n^ 

light to dark: (oj^+p) — -In^ - ^^. (Ida) 

t n-Uf^ 

Our problem is, therefore, theoretically solved since according 
to definition (10) the photochemical decomposition constant 

Biicher and Negelein tested these equations which I derived 
in 1928f with solutions of carbon monoxide-pyridine haemo- 
chromogen.j They found that (cj^+p) and (oi^+p) were con- 
stant for the whole course of the transition times dark ^ light, 
and fight -> dark, also that the difference between the two con- 
stants was proportional to the light intensity as required by 
theory. 

6. Carbonylhaemoglobin 

If carbon monoxide haemochromogen is a model for the 
simplest photochemical dissociation, then carbonyl haemoglobin 
in the presence of oxygen is the model of the photochemical 
displacement: 

FeCO + O 2 ^ FeOa + CO. 

t 0. Warburg and E. Negelein, Bioch. Zeitschr. 202, 202 (1928). 

X Th. Bucher and E. Negelein, ibid. 311, 163 (1942). 
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The theoretical treatment of this model is more complicated 
since there are not three but five reactions, namely, four dark 
reactions and one photochemical reaction. The formulae for the 
deterrninatioii of the photochemical decomposition constants 
are obtained as follows : 

In a haemoglobin solution containing carbon monoxide and 
oxygen we have in the dark the reversible reactions 

FeCO # Fe -f- CO, 

Fe02 ^ Fe + O 2 , 
the velocities of which arc 

-= z(feCO)-%oi'e. (16) 

= ^(PeO,)- «|,o Fe, (17) 


where 2 and b and Z and B are the velocity constants. 

The pressures of oxygen and of carbon monoxide are so great 
that Fe can always be disregarded in comparison with FeOg and 
FeCO. Then at any time the decrease in FeCO — the increase in 
Fe02, therefore, from (16) and (17), 

2 (FeCO)— ~ —Z(¥^0<^)~\-BpqYq.. (18) 

Solving equation (18) for Fe, we have 

Fe = lF6C0)_+2(Fe0^). 

^PcO-\-^VQi 

substituting (19) in (17) we obtain 


^(I^Oa) 

dt 



FeCO- 

Z - 

. Bpo^~^bpco. 


^PcO^^POt. 


FeOo, 


and at equilibrium, when ^(FeOg)/^^ — 0, 


(20) 


FeOa pco _zB _ ^ 

FeCO Po,~ bZ ^ ^ ^ 

where K is the equilibrium constant for the partition reaction. 

Actually for the application of equation (20) the simple condi- 
tion which is always easy to fulfil experimentally, namely, that 
the pressure of the oxygen and the carbon monoxide should 
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> 

not change during the course of the reaction, must be realized. 
Then the bracketed expressions in (20) may be treated as con- 
stant. Further, in order to apply equation (20), dpco should be 
small in comparison with Bpo^, According to Glen Millikan^ft ^ 
is about 30 times as great as b; the oxygen pressure is, how- 
ever, in ail applications of equation (20) considerably greater 
than the carbon monoxide pressure jjqq. Taking this into con- 
sideration the bracketed expressions in equation (20) become 


'2 Bpo. ' 

II 

2 _ ^Pco 

. ^Po,'i~bpco^ 


. bpeo+Bpu,. 


7 ^Pco 


and instead of (20) we can write 


^/(Fe02 

dt 


= 2(FeCO)-Z-|!“(Fe02). 


Bpo, 


Further, substituting 


z = oj and Z 


_ 


(22) becomes - a)(FeCO)-p(FeOj). 

If we divide both sides of (24) by J If® ^"^nd put 

FeO^ . FeCO , 

= n and ^ l—n, 

2 Fe 


we obtain (24) as 


dn 

dt 


( 22 ) 

(23) 

(24) 


: cx)(l—n)—pn. 


(25), like (11) 


The mathematical treatment of the simple FeCO dissociation 
and the displacement of the CO by 0 2 leads, therefore, to the 
same differential equation. The physical meaning of the variable 
n and the constant p is different in the two cases, but the meaning 
of the constant co is, and this is most important, in both cases 
the same, w is in both cases the decomposition constant of 
the FeCO. 

Further development involves the repetition of the operations 
(11) to (15). 

t Glen A. Millikan, Proc. Royal Soc. London, U 120, 336 (1936). 
t Id., Physiological Reviews, 19, 503 (1939) [Baltimore U.S.A.], 
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Dividing (25) for light and darkness gives: 

dark to light: ~ = Jji—nj—pn, (26) 

d/% 

light to darkness: ~ = co^(l—7i)—pn. (26a) 

Solving the differential equations for n gives: 

dark to light: n = (27) 

light to dark: n = {27a) 

where Uq^ n when t — 0. 

Solving for cu + /3 gives 

dark to light: = -Iri— — (28) 

t 71 — 71/ j 


light to dark: (o)j,-\-p) = -In (28a) 
t 


and the difference between the two velocity constants gives the 
photochemical decomposition constant of the carbonylhaemo- 


globin 




(29) 


The equations developed in 1928 were tested in 1942 by 
Biichcr and Negelein with haemoglobin solutions.! ^hey found 
that {a)^-\-p) and (cu^^-l p) were constant for the whole course of 
the transition periods dark -> light and light ^ dark, and the 
difference between the two constants was proportional to the 
light intensity as required by theory. 


7. Oxygen transporting enzymej 

Since in living cells, the respiration of which is inhibited by 
carbon monoxide, oxygen and carbon monoxide compete for 
the iron of the oxygen transporting enzyme, the partition of the 
enzyme between oxygen and carbon monoxide can be treated 
in an analogous manner to that of the partition of haemoglobin. 
Mathematically it is immaterial whether the ferrous iron is 
oxygenated with oxygen to FeOg or whether it is oxidized to 

t Th. Bucher and E. Negelein, Biwk. Zeiisekr. 311, 163 (1942). 

X 0. Warburg and E. Negolein, ibid. 202 , 202 (1928); 214 , 64 (1929). 
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ferric iron. It is also immaterial whether the ferrous iron in the 
haemoglobin is reformed by dissociation of FeOg or by reduction 
of ferric iron. The starting equations for the partition of the 
enzyme are analogous to (16) and (17): 

^(FeCO)-l.pcoFe, (30) 


where 2 , 6, and B have the same significance as in (16) and (17), 
whilst Z' is the velocity constant for the reduction of the ferric 
iron. Although it is probably incorrect to treat Z' as a constant 
at all the possible changing values for the ferric concentration, 
the success of the theory has justified the validity of this simple 
assumption which, moreover, at the time could not be replaced 
by any other. 

The pressures of oxygen and carbon monoxide are so great 
that free Fe can alw^ays be disregarded in comparison with ferric 
iron and FcGO. We then continue from (30) and (30 a) as in the 
previous section: 



FeCO- 

i 

0 





d Ferric 
dt 


and at cquifibrium, when ^ ~ 


Ferric, 

(31) 


Ferric ffco 

FeCO po, bZ' ’ ' 

where K is thd equilibrium constant of the partition reaction. 

It is essential for the application of (31) that the simplified 
condition, namely that the oxygen and the carbon monoxide 
pressure shall not change during the course of reaction, should 
apply. This is always realized experimentally. The bracketed 
expressions in (31) may then be taken as constant. 

Also in the application of equation (3 1 ) 6poo can be disregarded 
in comparison with Bpo^.f Z' then amounts to at least 1,000 

t 0. Warburg and F. Kubowitz, ibid. 214, 5 (1929). 
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reciprocal minutes whilst the expression 
^Pco 




is 6i the order of 1 reciprocal minute, which is only possible if 


the factor : 


^Pco 


- is very small. 


Taking this into account, (31) becomes 


d FciTic 


Substituting 


dt 


== 2(FeCO)^ 


yt ^PCO 


Ferric. 


z = oi and = p 

^Po. 


Ferric 


2 

instead of (33) wo can write 


, FeCO , 
n and ■■ „ ■ = l~~n 


2Fe 


(33) 


(34) 


— = w(l-n)-pn. 

(3.5), as for (25) and (11) 

The mathematical treatment of the partition of the enzyme 
and of haemoglobin leads therefore to the same differential 
equation. The significance of the variable n and the constant p 
is different in the two cases, but the significance of the constant 
tu, and this is important, is the same in both cases, cu is in both 
cases the decomposition constant of the FeCO. 

Dividing (35) as we did (25) into light and dark, wc obtain 

dark: ^ -pn, (35) 

light: ~ = u,^(l-it)-pn, (35a) 

and solving both equations for n we obtain 

dark to light: n = (36) 

light to dark: n = ^^+(^' 0 — (36(f) 

where n when t — 0. 

If, in the case of the enzyme, one could measure in the 



Ch. XI, § 7] OXYGEN TRANSPORTING ENZYME 109 

transition time t the number as a function of t, one could 
calculate for the enzyme just as for haemoglobin > in accordance 
with equation (28), the vkocity constants and from them 
the photochemical decomposition constant. 

Experimentally, n for the enzyme is the respiration A divided 
by the uninhihited respiration Aq 

Ferric A 
^ ~ ^o’ 

Since, however, each respiration measurement takes several 
minutes, and since the total transition time is of the order of one 
minute, it is technically impossible to determine the change of 
n with time in the transition periods. What one can measure, 
however, is the total value of the respiration as it continuously 
changes. This will be the integral 

Aq j n dt. 

How the velocity constants (oj I p) are calculated from this 
integral is shown in the next section. 

8. Dark decomposition constant of the enzyme 

If is the uninhibited respiration, then by definition 

inhibited respiration. We multiply equation ( 36 ) by >I „ and we 
thus obtain the oxygen consumption for a small period of time dt : 
dark to light; A^n dt = AQn^dt^AQ{iiQ—n^)e-^^^+P^^dt; 

(37) 

light to dark: A^n dt " 

(37 a) 

If we integrate froni 0 to i we obtain the oxygen consumption 
in the time t 

i 

dark to light: Aq [ ndt^ i 

j ^d-tp 

0 (38) 

t 

light to dark: Aq ( ndt — ^ q ^ ^ u ^ ~ . 

J <^h+P 

0 {38a) 

Uq in this equation is n for ^ — 0. If one starts from the light 
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equilibrium and goes to darkness, then == If one starts 
from the dark equilibrium and exposes to light then — n^i. 
If the oxygen consumption has been i^ieasured in the transition 

i 

period, that is the integral AQ^ndi, and if and and % 
0 

are known, the velocity constants (tu+p) are the only unknowns 
in equation (38) from which, therefore, they can be calculated. 

Since the measurement of the respiratiou during a transition 
period is too inaccurate on account of the shortness of the transi- 
tion period, it is arranged that several light and dark periods 
follow one another, that is, the exposure is intermittent. Thus 
the transition effect can be repeated as often as required, and it 
can be measured more accurately than if it were limited to one 
transition period. 

If for the intermittent exposure, the dark period is d' and the 
light period t, the n values at the end of the dark and light 
periods can be called and Then the dark period begins at 
and the light period at n^: therefore 

dark to light: ; 

light to dark: 

If these n values are substituted in (38) and (38 n) we obtain 
dark to light: ( ndt = A^i\jd'^AQ ^ — ; 

J 

0 (39) 

T 

light to dark: Aq f ndt ~ ^Tl— 

J <^A+P 

0 - (39 n) 

We shall not go over here the general theory for intermittent 
exposure but shall limit ourselves to the special case in which the 
light intensity in the light period is large. Then is largo 

and the steady light value is reached so quickly that one has 
the steady light respiration during the whole light period. 
Then ^ 

light to dark: Aq j ndt — A^nf^r 
0 

and 
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Subtouting this in (39) and (39 a) we obtain 
1? 

dark to light : Aq f n (ft ~ . 

J ^d\^P 

® #(40) 

T 

light to dark: Aq ^ ndt ~ A Uj^r. (40a) 

6 

By adding together (40) and (40 a) we obtain the oxygen con- 
sumption under intermittent exposure for the time 

T l9' 

Aq j n dt-\-AQ j ndt 
0 0 

From this equation the equilibrium constant Wd^p can be 
calculated, if the oxygen consumption of a given cell suspension 
has been determined under the four following conditions: 

1. In air to give Aq. 

2. In 5 per cent, by volume 0^ and 95 per cent, by volume CO 
in the dark to give AqU^ O'. 

3. In 5 per cent, by volume Og and 95 per cent, by volume CO 
in the light to give 

4. In 5 per cent, by volume O 2 and 95 per cent, by volume CO 
intermittently to give 

T O' 

Aq J ndt-\-AQ I n dt. 

0 0 

If {cUdA-p) determined according to (41) (by test) 

then ojd and p are known, since 


dark: — = oj J^—n)—pn; 
dt 


and at equilibrium, when n = 

-nd)-pnd, 

therefore co^ = n^ioJa^p)* 


. 0)^7 71.1 

0 = wa(l— p»£(, “ = 


(35) 


(42) 


(43) 
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Thus one obtains from four respiration measurements the 
darkness decomposition constant of the carbon monoxide 
compound of the oxygen transporting^ enzyme. 

Note, It should be mentioned that in the calculation of 
p) from equation (41) the intensity of the light need not be 
known. The light serves only to reach the steady light value. 
If this steady light value is nearly 1 the condition that the light 
intensity should be great is fulfilled. Then, according to (35 a), 
when light equilibrium is reached 

(44) 

P l-% 

and if is large in comparison with p then (a»/j -}-/)) will also be 
large in comparison with (oi^-f p). 

9. Example 

We shall illustrate the application of equation (41) by taking 
the figures from the Biochemische Zeitschrift, vol. 214, p. 91 
(1929). 

There we found for yeast cells at 10°: 

Respiration in air — — 0-604 c.mm. per minute, 

in 5 vol. per cent. 0^ and 95 vol. per cent. CO — 0-25, 

% in 5 vol. per cent. O 2 and 95 vol. per cent. CO = 0-97. 
Dark period ^ ~ 0-75 minute. 

Bright period r ^ 0-75 minute. 

Oxygen consumption in the time 3(i?-hT) — 2-21 c.mm., 
therefore in the time (j^+t) = 0-74 c.mm. 

Substituting those values in (41) we obtain 
0-74 = 0-604x0-97x0'75+0*604x0-259x0-75+ 

-1-0-604 X X 

0-74 = 0-5534- 

^d~^P 

The right-hand side becomes 

0-68 with {(jo^^p) == 3*0, 

0-72 with (w^+p) = 2*0, 

0-74 with (cDjj+p) = DO, 
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t 

p) is therefore about l-(i 


1 


[minutes 
= '^di^d+p) = 0-250X1-6 == 0-4 

p= 1-6-04= i-af — LI 
[mmutesj 

and according to (44) approximating 


and, according to (43), 
1 


minutes 


p l-nj, 

0-97 
“ P n.Ao 


0-97 


l‘2x32-4 


38-8 


1 

minutes 


cof^^p = 38-8+ 1-2 - 40 


1 

minutes 


It is instructive to calculate, using the above values for 
i^d^p) how the number n changes with inter- 

mittent exposure during the course of the dark period and the 
light period. For this calculation we can use equations (36) and 
(36 a) in which Uq = for the dark period and = ng. for the 
bright period : 

dark: n ^ (36) 

light: n = %-l-(n^— (36 a) 


For nf^ = 0-97; = 0-25; (a»^-Pp) = 1*6; (cu/,-l-p) — 40; and 

— 7- ~ 0*75 minutes, we obtain the values: 


Darh j 

TAght 

t (minutes) 

n 

t (minutes) 

n 

0 1 

0-97 — 

0 

0-466 = 

015 

. o-sie"* ! 

; 0-015 

0-694 

0-30 

0-695 

0-030 

0-819 

0-45 

0-600 

0-045 

0-887 

0-60 

0-526 

0-060 

0-925 

t? = 0-75 

0-466 = 71Q. 1 

0-075 1 

0-94.7 



0-15 ' 

1 0-97 = 



T = 0-75 

0-97 - ti, = rift 


Whilst, therefore, at the end of the dark period the steady dark 
value is not reached, in the light period, after only 0-15 minutes, 
the steady light value is attained. The graphic illustration in 
Fig. 14 makes tins result clear. 

5111 


I 
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10. Photochemical decomposition constant of the enzyme 

In the equations 

dark: ~ /on ; (35) 

light: ^ - wJl-n)-pn ; (35a) 

at 

is by definition the darkness dissociation constant of the 



Fig. 14. n as a function of t with intermittent illumination. High 
intensity of light, i.e. {wh-^p) large m comparison with {o}^-{-p). 

carbon monoxide compound of the enzyme. The liglit dissocia- 
tion constant is the sum of the dark decomposition constant 
and the photochemical decomposition constant 

"ft = 

hence 

The determination of the photochemical decomposition con- 
stant requires therefore a knowledge of as well as 
If has been determined as described in the previous section, 
the determination of co;^ is easy. Exposure to light of measured 
intensity is continued until has increased from the steady 
darkness value to the steady light value determined by the 
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intensity of the light. Then from the equations for the steady 
states we have; 


P 


l-n.. 


l—n 




h 

%/(l- 


(42) 

(44) 

( 45 ) 

It is to be noted that has been determined for the same cell 
suspension and for the same external conditions as has oj^^. 

In illustration let us take the example from the previous 
section. There it was found for a cell suspension that 

1 




0-40 


minutes 


The same cell suspension was continuously exposed to light 
of wavedength 436 lUju, and intensity 

i = 2-72 X 10^“* calories/cm. ^min. 

The n value then increased from 

0-25 to % — 0-60. 

According to equation (45) we therefore have 

1 

,, a. A fi ' - - ! - — 1 .K I 

■ 


= 0-40 ^ 1-8 

0'2r)/0-75 


minutes 


From this the photochemical decomposition constant for a 
wave-length of 436 ni/x and an intensity 2-72x10“^ cal/cm.^/min . 




1 

minutes 



CHAPTER XII 


PHOTOCHEMICAL YIELD 


When we came to apply the equation for the photochemical 
decomposition constant 

(5) Ch. XI 


derived from the quantum theory, to the oxygen transporting 
enzyme, we had to make an assumption for the photochemical 

, _ molecules decomposed 
^ quanta absorbed 


This was only possible as a result of model experiments which are 
described in this chapter. Our most important model substances 
were the carbon monoxide-haemo chromogens from which we 
measured ^ and the effect of wave-length on <j>. Other model 
substances used were carbon monox id e-ferro cysteine and iron 
pentaearbonyl. I shall also describe in this chapter quantita- 
tive photochemical experiments with chlorophyll which are of 
importance on account of the close chemical relationship of 
chlorophyll to the haems. 


1. Experiments of Emil Warburg 

Emil Warburg was the first to measure photochemical yields. 
Eor example, he obtained the following resultsf for the fission 
of gaseous hydriodie acid by ultra-violet hght: 




W avedength ; 

r HI 1 

(m;x) 

LquantaJ 

207 

1-0 

253 

1-05 

282 

105 


This means that for each absorbed light quantum, independent 
of the wave-length, one molecule of hydrogen iodide was decom- 


HI+Ur-H+T. 


t E. Warburg, Berliner Akademieberichte, 1918, p. 300. 
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t ■ 

But this result of fundamental importance for the theory of 
photochemical action was an exception to the general rule. For 
other photochemical decompositions (j> was found to be smaller 
than 1, indeed often much smaller. The photochemical^ yield 
was moreover not independent of the wave-length, but generally 
decreased with increasing wave-length. In gaseous systems ^ 
changed with the pressure, and in solution it changed with the 
nature of the solvent and with the concentration of the dissolved 
substance. For hydrogen iodide in hexane solution! 1, but 
in aqueous solution at great dilution 0. For the photo- 
chemical fission of potassium nitrate in aqueous solution the 
following values were obtained: 




Wavc4en(jth 

rKN 03 l 

(m/i) 

L quant aj 

207 

0-25 

2^:] 

0-17 

2S2 

0-024 


‘Man wird sagen miissen, dass nach den bisherigen Versuchen 
das Aqiiivalentgesetz sich fiir wiissrige Losimgen nicht zu besta- 
tigen Bcheint.’J 

T can offer no reason wliy what E. Warburg found to be the 
exception in his apparently simpler experiments was the general 
rule in our work. We found simple quantum relationships for 
the most complex organic substances even when they were com- 
bined in the living cell. In many cases we found — 1; ^ was 
always independent of the wave-length, 

2, Carbon nlonoxide-pyridinehaemochromogen 

We have determined the photochemical yield (f) for the decom- 
position of carbon monoxide-pyridinehaemochromogen, 

FeCO ^ Fe -f CO, 

using two independent methods; a manometric one in which the 
light absorption of the haemochromogen solution was complete, 
and an optical one in which the light absorption was small. 

t E. Warburg and W. Rump, Zeitschr.f. Physih, 47, 305 (1928). 
t E. Warburg, Phoiochemk^ Handbuch Expe,r. Physik, 18, 619 (1928). 
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Manomeiric mefhod'\ 

Into two vessels of the type shown in Fig. 15 is introduced the 
same amount of a carbon monoxide-haemochromogeii solution. 
The V ^ssols are fitted to a differential manometer, the gas space 
is filled with a carbon monoxide mixture of known partial 
pressure, and shaking is continued in a darkened thermostat until 
equilibrium is reached. One of the two vessels is then exposed 
to monochromatic light of known inten- 
sity, the light entering the bottom of the 
vessel in a vertical direction. The light is 
almost completely absorbed by the carbon 
rnonoxide-haemochromogen. 

A positive pressure p due to the carbon 
monoxide formed is developed and in- 
creases rapidly to a constant value p^. At 
this point the stationary state correspond- 
ing to the light intensity employed is 
reached. It is essential that Pq, the pres- 
sure of carbon monoxide produced on ex- 
posure, should be small compared with the 
partial pressure in the original gas mixture. 

On removal of the light the pressure of 
the photochemically produced carbon 
monoxide is reduced from Pq to 0. From the rate of this reversal 
of effect the number of moles CO in the stationary state of 
exposure which recombine can be calculated. If this rate is v 
moles CO per minute and A mole quanta are absorbed per 
minute in the stationary state, the photochemical yield 



H ~ carbon monoxide - 
haemochromogen solu- 
tion, 

G — glass beads to pro- 
mote mixing during tlio 
rotation of the vessel. 




V 

I 


moles CO 
mole quanta 


( 1 ) 


Table 1 contains the results of such determinations calculated 
from the data in Bioch. Zieitschr. 200, 414 (1928) and 204, 495 
(1929). The wave-length of the light, the intensity, the pressure 
of the CO, and the temperature were all varied. As follows from 


t 0. Warburg and E. Negelein, Bioch. Zeitschr. 200, 414 (1928) j 204, 
495 (1029). 
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the quantum theory, all these variations were without influence 
on which was found to lie between 0*72 and 0*82. These figures 
are so close to 1 that wt? can assume the deviation from 1 to be 
due to experimental error and we can write the equation for the 
decomposition of carbon monoxide-pyridiiiehaemochromogen as 
FcCO + 1 /iv - Fe + CO. (2) 


Table 1 


Varia- 

turn 

Temp. 

[^0.] 

Total CO 
pressure 
[atnios.j 

Wave-leriulh 

[mil] 

ruinlcs CO“| 

L minutes J 

A 

r mole quanta"! 
1. minutes J 

4> - ,!A 
r moles CO T 

1 mole quantaj 

^ and A 

10° 

004r» 

355 

0-774 x 10“’ 

1-08 X 10“’ 

0-72 


10" 

O-Ola 

435 

1-70 X 111 ’ 

2-41 X 10 ’ 

0-71 


10" 

004.5 

545 

2 U xlO“’ 

2-84 X 10“’ 

0-74 

CO 

10" 

0-045 

545 ' 

2-02 XIO'’ 

2-84 X 10“’ 

0-71 

pressure 

10° 

0-097 

546 

2-60 xl0“’ 

3-22 X 10“’ 

0-82 

and A 

10° 

(M95 

546 

4-54 X10“’ 

5-58 X KF’ 

n-81 


10° 

0-997 

546 

29-4 X 10“’ 

41-4 xl0“’ 

0-71 

Temp. 

4 ° 

0-045 

436 

3-0 XIO ’ 

i-oox ur’ 

0-74 

and A 

10° 

0-045 

436 

0-15 xlO"’ 

8 04 X 10“’ 

0-76 


Optical arra7igement'\ 

A very dilute solution of carbon monoxide-pyridinehaemo- 
chromogen is introduced into a vessel with plane parallel sides. 
The solution is strongly irradiated in one direction (the narrower 
cross-section) with the light for the decomposition, and weakly 
irradiated in the direction at right angles (the greater cross- 
section) with the measuring light. A wave-length is chosen for the 
latter that gives as big a difference as possible for the absorption 
coefficients of the hacmochromogen and its carbon monoxide 
compound. The absorption then changes when carbon monoxide 
is split off from thp haemochrornogen, and this change is a 
measure of the photochemical decomposition (Fig. 16). 

Decom posing light I- 

Measuring 

^ flight 

I T 

Fig. 16. 

With this arrangement Bucher and Negelein have determined 
t Th. Bucher and E. Negeloin, ibid. 311, 163 (1942), 
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the rate at which the light equilibrium is attained in the transi- 
tion from dark to light, and the dark equilibrium in the transition 
from light to dark. They found the velocity constants for the 
decomposition and for the reverse reaction and, using the 
cquafion ( 15 ) ch. XI 

they determined the photochemical decomposition constant 
of the carbon monoxide- haem o oh romogen for light intensity i. 
From the equation XI 


in which ^ is the light absorption coefficient of the carbon 
monoxide -haemochromogen for the wavederigth used (deter- 
mined spectroscopically in the usual way), they calculated the 
photochemical yield (jy. 

In the exj)eriraents the irradiating light had wave-length 
546 m^. The result was 


(jy = 1'07 


moles CO 
mole quanta 


The quantum equation for the photochemical fission of the 
carbon monoxide-haemochromogen may therefore be written 
FeCO + Uv - Fe + CO. (2) 


The optical method therefore gives the same result as the 
manometric method. Bearing in mind that the manometric 
method is purely empirical, but that in the optical method the 
vaUdity of the mass action laws of Beer and Lambert is assumed, 
it is obvious that the agreement of the two methods in the value 
of is a proof that the theory of the optical method— the theory 
of the photochemical decomposition constant — is correct in its 
assumptions and derivation. 


3. Carbon monoxide-ferrous cysteinef 

The photochemical yield in the decomposition of carbon 
monoxide-ferrous cysteine, 

Fe(CO )2 ^ Fe + 2CO, 

has up till now been determined only by the manometric 
method. This compound has the advantage over carbon mon- 

t O. Warburg and E. Xegelein, Bioch. Zeitschr. 200, 414 (1928); 204, 
495 (1929). 
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oxide-Iiaemochromogeii in that the reverse reaction of the fission 
products proceeds more sloAvly. Tlierefore the measurement of 
the reverse reaction is (Easier and more accurate. The ])hoto- 
cheraicai yield can, therefore, be more accurately determined. 

A further difference between the two substances is the smaller 
light absorbing power of the cysteine derivative. In the region 
of the spectrum which we liave examined, the absorption of 
carbon monoxide-ferrous cysteine is one 
hundred times w^caker than carbon mon- 
oxide-haemo chromogen, so that the photo- 
chemical action cannot be determined 
under conditions of complete absorption 
of the irradiating light. Actually the light 
absorption in the vessels (Fig. 1 7 ) amounted 
to only about 5 per cent, of the light used. 

Otherwise the arrangement was the 
same as in the experiments with carbon 
monoxidc-hacmochromogen. The solution 
was exposed to monochromatic light of 
knowm intensity till the pressure of the 
carbon monoxide had become stationary. Then in the dark the 
rate at which the pressure returned to its previous value was 
determined. If A mole quanta is absorbed per minute in the 
stationary state of the exposure, and r moles CO react per minute 
in the reverse reaction, then the photochemical yield will be 
7^ r moles CO 
^ A mole quanta 

The results for five wave-lengths of the mercury arc calculated 
from the data in Bioch, Zeitschr. 200 , 414 {1028) and 204 , 495 
(1929) are collected in Table 2. These results furnish the best 
proof of the law of photochemical equivalence. For each of the 
five wave-lengths the photochemical yield is almost exactly 2 
referred to the molecules of carbon monoxide split off, or almost 
exactly 1 referred to the iron atoms. The quantum equation for 
the photochemical decomposition of carbon monoxide-ferrous 
cysteine is therefore 

Fe(CO)2 + 1 - Fe + 2CO. 



( 3 ) 
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Table 2 


Temp, i 

Total CO ! 

preJimre 

Ware-length 

rtiiolp-R con ! 

A 1 

'' rmolft qininta"! 

({> = v/A 
r moles CO "i 

[^C.l 

[atmos.] 

[mH 

L minutes J 

L minutes J 

Lmole quantaj 

20 

0-488 

366 

2-44x10"* 

1-22 X 10"* 

2-00 

20 

0-488 

405 

2-32 X 10"* 

1-21 X 10"» 

1-92 

20 

0'488 

430 

2-32X10 * 

1-17x10"* 

1-98 

20 

0-488 

492 

2-50x10"® 

1-21x10“® i 

2-06 

20 

0-488 

646 

6-45x10"® 

3-50 X 10"» 

1-85 


4. Iron pentacarbonyl 

Our third model substance was iron pentacarbonyl, the light 
sensitivity of which was discovered in 190.5 by Dewar and 
Jones, t We have measured the photochemical yield in the 
decomposition of this compound : 

Fc(CO) 5 - re(CO)4 + 1 CO 

for four wave-lengths using the manometric techniquc.J This 
was particularly easy experimentally since the tetracarbonyl 
photochemically produced reacts further in the dark reaction 


Fc{CO )4 + Fo(C 0)5 - Fe(CO),. 

The carbon monoxide split off cannot therefore react in the 
reverse direction. 

Iron pentacarbonyl which is liquid at room temperature was 
exposed to light in the undiluted state, that is, in very high 
concentration, in vessels of the type in Fig. 17. Although the 
molar coefficient is very small the light absorption was complete 
on account of the high concentration. The absorbed energy 
could therefore be taken as equal to the energy of irradiation. 

On exposure for t minutes to an intensity the 

minutes 

absorbed energy would be Jt mole quanta, and if at the same 
time X moles carbon monoxide were split off, the photochemical 
yield would be 


moles CO 
mole quanta 


( 4 ) 


The results arc shoAvn in Table 3 and indicate that the photo- 


t Dowar and Jones, Proc. Poyal Soc. London, A 76, 558 ( 1 905) ; 79, 66 (1907). 
t 0. Warburg and E. NegeleiiL, Bioch. Zeilackr. 204 , 495 (1929)'; G. Eyber, 
Zeitschr.f. physikalische Okemie, A 144 , 1 (1929). 
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clietiiical yield ^ is 1 in the ultra-violet and in the blue region. 
The quantum equation for the photochemical decomposition of 
iron pentacarbonyl is therefore : 

Fe(CO)5 + - Fe(C0)4+l CO. (5) 

Table 3 


Wam-len^th 

1 

i 

X 

pnoles CO] 

Jt 

[mole (luauta] 

0 ~ xlJt 

1* moles CO 1 
Lmolo quant al 

254 1 

l’45xl0-? 

1-45x10-’ 

1-00 

300 ' 

1-95 X 10-’ 

1-99x10-’ 

0-98 

:500 

2-H7X 10 ’ 

304x10-7 

0-88 

43G 

1-99x10-’ 

2-40 X 10-’ 

0-83 


5. Conclusion 

The three carbon monoxide-iron compounds, tlic plioto- 
chcmical dissociation of which has been quantitatively studied, 
differ from one another in their chemical and optical properties, 
one could almost say, as much as is possible. For example, the 
light-absorption coefficients in the blue region are 

cm.'^ 

for carbon monoxide -haemochTomogen, of the order of 10* — ; 

gram atoms r o 

for carbon monoxide -ferrous cysteine, of the order of 10® ; 

gram atoms re 

cra.^ 

of iron pentacarbonyl, of the order of 10* - - - — — . 

^ gram atoms be 

The most important external variable in tiie measurements 
of the photochemical yield was the wave-length, the shortest 
being 253 mfx, and the longest 540 mg.. The molar quantum 
energy was varied therefore from 112,000 to 52,000 calories. 

Among other variations that of the concentrations should be 
emphasized. These were 

for tho dissociation of carbon monoxide-hacmocliroraogen, about 1/10000 
molos/litre ; 

for the dissociation of carbon monoxide -ferrous cysteine, about 
1/1000 luolos/litro ; 

for the dissociation of iron pentacarbonyl, about 4-0 moles/litre. 

Since wc found with all these variations that one absorbed 
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light quantum decomposed one molecule of the carbon mon- 
oxide-iron compound: 

FeCO + 1 Ee + CO, 

Fc{ 00)2 -P 1 Ai^ - Fe + 2CO, 

Fe(CO )5 + 1 hv Fe(CO )4 + CO, 

it appears that we can without hesitation take — 1 as being 
the yield in the photochemical dissociation of every carbon 
monoxide-iron compound. This being so, we had attained our 
object, which was to show by model experiments which tj) value 
should be applicable to the photochemical dissociation of the 
carbon monoxide compound of the oxygen transporting enzyme. 

Nevertheless, in the following chapter we shall deal with one 
carbon monoxide-iron compound of great biological importance 
for which the photochemical yield ^ is not 1 . 


6. Carbonyl haemoglobin 

The photochemical yield in the fission of carbonyl liaemo- 
globin, I’eCO ^ Fe + CO, (6) 

on account of the great velocity of the reverse reaction, ca>n only 
be measured if the liberated haemoglobin is removed from the 
sphere of the reaction. A suitable substance for this purpose is 
molecular oxyge^i, which combines reversibly with haemoglobin 
to give oxyhaemoglobin, 

Fo -I- Og F 0 O 2 . (7) 

If the pressure of oxygen is sufficiently great, an amount of 
oxyhaemoglobin is formed equal to the amount of carbonyl 
haemoglobin decomposed. Then the result of combining (6) 

and (7) is + 0, = FeOj + CO, (8) 

These were the experimental conditions under Avhich Haldane 
and Smith t discovered the light sensitivity of carbonyl haemo- 
globin. Carbonyl haemoglobin, of course, in a solution free 
from oxygen is also decomposed by light, but the decomposition 
cannot be seen owing to the reverse reaction. 

Free haemoglobin formed by the photochemical dissociation 

t Jofui Haldane and J. Lorraine Smith, Journ, Physiology, 20, 497 (1896). 



Ch. XII, § 6] CARBOXYL HAEMOGLOBIN 125 

* 

of carbonyl haemoglobin can also be removed by reaction with 
methyl carbylamine. Mctiiyl carbylamine reacts reversibly, as 
we discovered in 1929, f with liaenioglobiii according to the 
equation 

Fe 1 CH 3 NC # Fe(CH 3 NC). (9) 

If the concentration of the carbylamine is sufficiently great, 
just as much carbylamine haemoglobin is formed as there was 
carbonyl haemoglobin decomposed. The resulting reaction 
follows by combining ( 6 ) and (9) : 

FeOO + CH 3 XC ^ Fe(CH 3 NC) + CO. ( 10 ) 

In contrast to Haldane’s, this method has the disadvantage 
that carbylamine is more difficult to obtain, but it has tlie ad- 
vantage that carbylamine is a liquid, so that the displacemejit 
of the carbon monoxide can be observed and measured mano- 
metrically. In the displacement of the carbon monoxide by 
carbylamine a gas is evolved, but no gas disappears. In the 
displacement of carbon monoxide by oxygen just as much gas 
is taken up as is evolved. 

We have measured the photochemical yield for the dissocia- 
tion of carbonyl haemoglobin using both systems ; for Haldane’s, 
an optical method, for the second, a manomctric method, was 
used. 

Manometric method'^ 

Into two similar vessels of the type shown in Fig, 15 the same 
amounts of a solution of carbonyl haemoglobm containing 4 
per cent, carbyjamine are introduced. The vessels are fitted to a 
differential manometer, both gas spaces are filled witli carbon 
monoxide at atinosp fieri c pressure, and one of the vessels is 
exposed to light until the pressure of the dissociated carbon 
monoxide has become constant. 

On removing the light the pressure of the dissociated carbon 
monoxide goes back to zero. The velocity of this reverse 
reaction gives the amount of carbon monoxide which reacts per 

t 0 . Warburg et al, Bioch. Zeitschr. 214, 26 (1929). 
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minute in the stationary state of the exposure. If, in this state, 
V moles carbon monoxide react per minute and A mole quanta 
are absorbed per minute by the carbonyl haemoglobin, the 
phol^ochemical yield 

moles CO 
mole quanta * 

In all the experiments the wave-length used was that of the 
yellow mercury line, 578 m^, the carbon monoxide pressure 
0*97 atmospheres, and the pH = 9- 5. The light intensity and 
the concentration of the haemoglobin were varied. At the 
higher haemoglobin concentrations the light absorption Avas 
complete, whilst at the loAver concentrations only a small 
fraction of the light was absorbed. This variation gave a check 
on the calculation of A , the value for wliich at great light absorp- 
tion is quite different from that at low light absorption. 

The results of the measurements calculated from the data in 
Biochem, Zeitschr. 214, 26 (1929) are collected in Table 4, The 
quantum equation for the photochemical dissociation of car- 
bonyl haemoglobin may therefore be written 

EeCO + 4Ar = Fc + CO. (11) 



Table 4 

(578 m/z; pH = 9-5; 10".) 


[FoJ 

Tgram atoms Fe] 

V 

fmoles OOl 

L minutes J 

A 

ftTiale quanta] 

^ = vjA 
r moles CO ] 

L litre J 

L minutes J 

Lmolo quanta! 

0-009f)Xl0 3 

00294 X 10“« 

0-116x10-5 

0-25 

1-07 xlO-3 

0-0842 X 10-5 

0-334 U i0-« 

0-2.5 

2-40 X 10-3 

0-856 xlO-5 

3-, 54 X 10 5 

0-24 

1-07 xlO-3 

0-888 xlO-5 

3-36 xlO-8 

0-26 

L07 xlO-3 

0-861 xlO-5 

3-38 xlO 8 

0-25 


At first this finding, in spite of the regularity and consistency 
of the results, appeared improbable, and I looked for objections 
to it (cf. the 1929 publication). But although one might criti- 
cize the kinetic theory of the displacement, the method of 
determining (j> was a purely empirical one and depended entirely 
on one consideration, namely, that no greater and no less an 
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amount of carbonyl haemoglobin can in unit titne be dissociated 
in the stationary state of illumination tlian that amount of 
carbon monoxide in the* stationary state which recombines in 
unit time. If this were not so, then the state could not be a 
stationary one, that is, the pressure of the ])hotocheuucalIy 
dissociated carbon monoxide could not be constant. 

Assuming that the determination of (f) was (‘orroet, why 
did carbonyl haemoglobin behave in a photochcmi(!al sense 
differently from other carbon monoxide-iron compounds, in 
particular, from the closely related carbon monoxide-pyridine- 
haeniochromogen ? Was it the bonding of the haem to the 
protein, or the fourfold polymerization of the haemoglobin 
molecule that increased the quantum requirement for tlio <iis- 
sociation of one molecule of carbon monoxide from 1 to 4 ? 

In particular, because the quantum number 4 pointed to a 
possible relationship to that most important ])hotochemical 
reaction, the decomposition of carbon dioxide in green cells, I 
again in 1941 took up the .photochemical investigation of 
carbonyl haemoglobin after the problem had lain dormant for 
twelve years. 

Optical mMhod 

In 1941 the experimental set-up of 1929 was changed in two 
ways. The manometric method was replaced by an o])tical one, 
and the carbylamine by oxygen. The photochemical yield in 
the dissociation of carbonyl haemoglobin w^as therefore deter- 
mined for the Haldane system| 

FjCO -h Og ^ FcOa -f CO, (8) 

A very dilute, about lO"'* N, solution of haemoglobin was 
saturated with a mixture of oxygen and carbon monoxide, and 
illuminated and darkened intermittently. On exposure to light 
the oxygen replaced the carbon monoxide, and in the dark 
carbon monoxide replaced the oxygen of the haemoglobin 
(Fig. 1 8). The progress of the reaction with time was determined 
photoelectrically with the apparatus described in section 2 of 

t Th. Biicherand E. Negelein, Bloch. Zdtschr. 311, 163 {1942). 
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this chapter and gave the velocity constants of the displacement 
reactions 

Dark: (28) Ch. XI 

t n-n^ 

Light: oi„+p = (28a) Ch. XI 

t 


where the variable n is the fraction of haemoglobin combined 



Fig. is. Effect of light on. the partition of haemoglobin. 
Light: conversion of carbonyl haemoglobin into oxyhaemoglobin . 
Dark: conversion of oxyhaemoglobin into carbonyl haemoglobin. 
Abscissa: time. 

Ordinate; fraction of total haemoglobin combined with oxygen. 


with oxygen at the time t, and the constants and % are the n 
values in the dark and light equilibria. 

If (co^-t-p) and are calculated from the results which are 

presented in Table 5, and which are illustrated graphically in Fig. 
18, it will be seen that these are constant throughout the whole 
course of the displacement reactions. Tbis is a proof that the 
mathematical theory and the technical treatment are in accord. 

In illustration of the method the photochemical yield may be 
calculated from the above figures. If the velocity constant of 
the dark reaction is subtracted from that of the light reaction 
we obtain the dissociation constant of the carbonyl haemoglobin 
for light intensity i and wave-length 516 m^a : 


z. ■- 2-75-0*87 -- 1*88 


1 

minutes 


(29) Ch. XI 
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Gas mixture-. 8 uol. % CO and 92 ml. % Q^. Tempemture-. 4^ 
Wave-hn^th oj light-. 546 mp. pH 8-1 


Light 

Light intenfiiiy \ J ~ 1-23 X 10“^ [ — — 1 
Lmin, em.d 

-2-37x10-’ 

L min. om.“ J 


Dark 


Time t 
[min.] 

n 

WA 1 r 
[l/iniii.] 

Time t 
' [min.J 

71 

",i + P 

[l/iiun.l 

0 

01 33 = 71 ^ 


0 

0-719 = 


0123 

0-299 

2-69 

0-34 

()-568 

0-88 

()-229 

0-407 

2-76 

()-73 

01 42 

0-88 

0-403 

0-525 

2-73 

1-26 

0-330 

0 87 

0-825 1 

0-659 

2-76 

2-19 

0-227 

0-84 

00 

0-719 - 


00 

0-133 = 

i 


Then, on applying the equation 


(5) Ch. XI 

we obtain the photoehcmical yield (j) if i and |S are known. 

The light intensity i from the table was 


2-37x10-7 


mole quanta 
cm.^ minutes 


The light-absorption coefficient ^ of the carbonyl haemoglobin 
for the wave-length 546 nip, was determined spectroscopically 
and was 0-294 x 10®. If we substitute for i, and ^ in (5) we 
obtain 1-88 = 2-37 X 10-’ 2-94 x 10’ 


<f> -- 0-27 


moles CO 
mole quanta 


The quantum. cquatibn for the dissociation of carbonyl haemo- 

globiu, jeCO + ihy = Fe + CO, 

was therefore proved by a second independent method. All 

doubts which could have arisen in respect of carbylaniine as the 

replacement substance were set aside, and the problem of the 

quantum number 4 could be dealt with from a safe experimental 

foundation. 

If the .quantum number 4 is associated with the degree of 
polymerization (4) of the haemoglobin, it ought to be possible 

5Ul K 
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by varying the salt content and the pll to influence the photo- 
chemical yield in the dissociation, since K. J. Andersonf of the 
Svedberg Institute found that, in the presence of salts and at an 
acid :|j’eaction, the fourfold polymeri/.ation of the haemoglobin 
is reduced to twofold polymerization. 

The salt concentration was therefore increased from 0-01 to 
2-C molar sodium chloride, and the pH changed from 9-1 to 7*6. 
Under those conditions Biioher and Ncgelein obtained the 
following results on exposure to light of wave-length 546 m/r. 


Salt content 

pH 


moles CO 


1 

4 

niole quanta' 

.mole quanta. 

. moles CO . 

0 0 1 molar NaCl 

91 

0-247 

4-05 

0-01 „ 

9'1 

0-230 

4-35 

0-01 „ 

8-1 

0-283 

3-53 

001 „ 

81 

0-270 

3 71 

0-01 „ 

7-6 

0-296 

3-38 

10 

8-0 

0-333 

3-00 

2-0 „ 

8-1 

0-370 

2-71 

26 „ 

8-2 

0-376 

2-66 

26 „ 

7-6 

0-459 

2-18 


As can be seen, the quantum requirement changed under the 
influence of varying salt concentration and pll, and, moreover, 
in sucli a v^ay as to reduce the quantum requirement as the 
degree of polymerization decreased. At the highest salt con- 
centrations and lowest pH wdiich, according to Anderson, 
would give complete depolymerization to the dimeric haemo- 
globin a quantum reepurement of almost 2 was found. 

7. Carbonyl -myoglobin 

Myoglobin, the red ]jigment of muscle, which Hugo Theorellf 
isolated and crystallized in 1932, is closely related chemically to 
haemoglobin. The j)rosthetic groups of both pigments are 
identical, both being protohaem. In both pigments, more- 
over, the same amount of jwotein is united with the haem. 
The iron contents are, therefore, the same. The molecular 

t K. J. Andorsoii, in T. Svedberg and K. 0. Peder.«ien, The Ultracentrifuge, 
Oxford University Press, 1940. 

I Hugo Theorell, Jiioch. Zeitschr, 252, 1 (1932); 268, 46, 55, 64, 73 (1934). 
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weights are, however, different and in salt-free solution they 
amount to 

HaemoglobAif ■ • . 4x17,000 

Myoglobin j; . . . 1x17,000 

Myoglobin therefore, in contrast to haemoglobin, is a non- 
polymerized haem compound. On account of its simpler 
structure the gas exchange reactions of myoglobin whicli 
Theorel]§ and Mil]ikan|| studied are simpler than the corre- 
sponding reactions of haemoglobin. 

Myoglobin was of great importance for our proble^n since it 
offered us a naturally occuning unpolymerized haemoglobin, 
and any misgivings Avhich could have arisen on account of the 
artificial depolymerization by salts would not here apply. 

Bucher and Negeleinjf examined the photochemical dissocia- 
tion of carbonyl-myoglobin. They carried out four experiments 
using the optical method and exposing to light of wave-lengtli 
546 mg. The results were : 



r moles CO 1 

1 lmole quantal 

Conditions 

Lmole quanta J 

0 1 moles CO J 

0-02 molar salt ; pH 8-2 

()'90 

i Ml 

0 02 molar salt ; pH 8-2 

! 0-93 

1-07 

0 02 molar salt ; pH 8-2 

0-94 

1-06 

0-02 molar salt; pH 8-2 

O' 90 

Ml 


Thus the relationship betw een the quantum roquiromeut and 
the degree of polyunerization was conclusively ])roved. Under tlie 
conditions of salt concentration and pH whicli had in this case 
given a quantum requirement of 1, the quantum requirement for 
the dissociation of cq^bonyl haemoglobin had amounted to 3*6. 

8. Summary 

If we eorahine all our results on the investigation of the photo- 
chemical dissociation of carbonyl -haem compounds, then, 

t G. S. Adair, Jonrn. biolog. Chem. 63, 520 (1025). T. Svedberg and 
F4hraeii8, Jmmi. Amer. Clmn. Soc. 48, 400 (102B). 

X T. Svedberg, Kolloid-Zeitschrijt, 85, 119 (1908). 

§ Hugo Theorell, Bioch. Zeitsekr. 252, 1 (1932) ; 268, 46, 55, 04, 73 (1934). 

II G, Millikan, Broc. Royal Soc. B 120, 366 (1936) ; Phydological Reviews, 19, 
503 (1939)'f Baltimore, G.S.A.]. 

ft Th, Bucher and E. Negelein, Bioch. Zeitschr, 311, 163 (1942). 
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j 

bearing in mind the degree of polymerization, we obtain the 
following four quantum equations. 

Haemoglobin in salt-free solution . , (F^CO}4+4/tv = Fo 4 (CO) 3 +l CO 

HaemoglobiiL in salt solution . . . (FeCO) 2 +!^/^i' = F 62 ((/’ 0 )i-|-l CO 

Pyrifline-haemochromogen . . . (FcCO)i+ = Fe-f 1 CO 

Myoglobin ...... (FeCOji+l/^v = Fo-l-lCO 

9. Chlorophyll 

When chlorophyll, exposed to light in acetone solution, I 
takes up oxygen the photochemical yield ^ = 1. GaffronJ 
obtained the following results for four regions of the spectrum: 


Wave- length 
[my] 

r molos O 2 
^ Lmolo quanta. 

436 

0-99 

546 

0-97 

578 

1-0 

6,5.5 

0-97 


But when chlorophyll in living plants is exposed to light and 
reduces carbon dioxide, the photochemical yield (j) = so that 
the quantum requirement is 4. We found in three regions of the 
spectrum :§ 


Wave-length 

moles CO 2 
^ Imole quanta] 

I [mole quar ;,a 

[my] 

<f) 1 moles CO.^ . 

43G 

0-28 

3-6 

578 

0-23 

1 

660 

i 0-23 

4-3 


Just as in the case of the dissociation of carbonyl haemoglobin, 
it is difficult to explain the quantum requirement 4 in this case 
by the energy requirement, since the following quanta are 
sufficient for the reduction of 1 molecule (if carbon dioxide as a 
step in carbohydrate synthesis : 

in the blue (430 mp.) . , . ,1-72 quanta 

in the yellow (578 irip) . , .2*3 quanta 

in the red (660 mp) . . . .2-6 quanta. 

t Dioxan ia preferable as the solvent, in manometric experiments at least, 
when the vapour pressure of tho acetone introduces errors. 

J II. Gaftron, Ghemische Berichte, 60 , 755, 2229 (1927). 

§ 0. Warburg and E. Negelein, Zdtschr. /. physikalische Chemie, 102 , 236 
(1922); 106 , 191 (1923). 0. Warburg, Bioch. Zeitschr, 166 , 386 (1925). 
O. Warburg and W. Luttgens, Die Naturwinnenschaflen, 1944, pp. 161, 301. 
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From this it is assumed that the energy requirement for carbon 
dioxide reduction is 112,000 calories. This quantum require- 
ment of 4 for the phol'ochemical reduction of carbon dioxide 
must depend on a property of the chlorophyll which it possesses 
in living plant cells but which is absent when it transports 
oxygen in solution. The question can be asked if this property 
might possibly be associated with the polymerization of tlie 
chlorophyll. 

ExjmmeM of W. M. 3Ianning-\ 

W. M. Manning and a staff of c■o-^\orkers tried to determine 
the photochemical yield of carbon dioxide by gas analysis. 
They passed gas mixtures through suspensions of Chlorella 
which were exposed to light, and analysed the entering and out- 
flowing gas. From very small difl'erences in the composition 
of the gas mixtures they then calculated the pliotoclicmical 
yield and found a qiiantuin reciuiremcnt of from 20 to 500 per 
molecule of carbon dioxide decomposed. They could neither 
explain this enormous fluctuation, nor could they arrange con- 
ditions such as would lessen it. Obviously the gas analysis 
method is not suitable for experiments of this type, and this 
view was responsible for my replacing the older method by the 
mano metric one. In our manometric determijiations of the 
quantum requirement the deviation from the mean value in 47 
experiments amounted to 10 per cent. 

Eichhojf’s experiment^ 

In 1939 H. J. Ficlihoff collaborating with Noddack re])eated 
our manometric measurements of the photochemical carbon 
dioxide reduction. They used a new method for light absorp- 
tion measurement which made it possible for them to work with 
considerably weaker algae suspensions. This was an advantage, 
because the respiration is of less consequence than the action 
of the light, and because more dilute cell suspensions are less 
affected by agitation in the vessels. 

t W. M. Manning, J, F. Stauffer, B, M. Duggar, and F. Daniels, Journ. 
Arner. Cheth. Soc. 60, 266 (1938). 

I H. J. Fichhoff, Bioch. Zeitschr. 303, 112 (1939). 



134 


PHOTOCHEMICAL YIELD 


[Ch. XII, § 9 

For measuring the photochemical action Eichhoff placed the 
algae in an alkaline carbonate mixture, which I had suggested 
in 1919-f as being convenient for qualitative assimilation experi- 
ments, but which is unsuitable on account of its unphysiological 
properties for yield determinations. Kick h oil’s results varied 
within wide limits but gave an average value of 4 for the quan- 
tum requirement per molecule of carbon dioxide reduced. I 
distrust this result, however, although it appears to confirm that 
of our own experiments, because, according to our experience, 
the quantum requirement of the carbon dioxide reduction in 
carbonate mixtures is considerably greater than 4. 

Robert Emerson's residls% 

Emerson and Lewis criticized our manometric measurements 
of the photochemical reduction of carbon dioxide on the grormds 
that during the first few minutes in the illumination of the green 
algae not only is carbon dioxide not taken up but it is actually 
given off. This photochemical evolution of the carbon dioxide, 
it was alleged, could be so considerable that three-quarters of 
our manometric effect might be due not to a reduction but to 
an evolution of carbon dioxide. Taking this into consideration, 
12 quanta and not 4 would be required for the photochemical 
reduction of one molecule. 

In the winter of 1945 I put Emerson’s criticisms to test and 
could not confirm his findings. In the first minutes of the 
exposure to light no carbon dioxide was evolved. Such an 
evolution would have been both photochemically and physio- 
logically improbable. The quantum requirement was found to 
be 4 per molecule of carbon dioxide reduced when the algae wore 
grown in diffused light and when the photochemical yield was 
measured in a medium, physiological in respect of the algae. 
(Compare Chapter XXI.) 

10. Urease 

On exposing solutions of urease to ultra-violet light the enzyme 
loses its abihty to decompose urea. We examined this destruc- 

t 0. Warburg, Bioch. Zdtscfir. 100, 230 (1919). 

X R. Emerson and Ch. M. Lewis, Amer. Joum. of Botany > 26, 808 (1939). 
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tion ol the 6nzyiii6 aotioix ciiiantitcitivcly.'}* Very dilute solutions 
of crystR^lline urease coiitciiniiig U'2o y of protein per c.c. were 
exposed to monochromatic ultra-violet light of known intensity. 
The resulting destruction of the urease was determined by 
measurement of the enzyme action. If exposure to liflit of 
intensity i reduces the activity of the enzyme in time t from 
to W the photochemical decomposition constant of the enzyme 
would be ^ 

= (h)Ch.XI 

For calculation of the photochemical yield using the equation 

(a) Ch. XI 

a value for the molecular weight of urease, which was needed to 
find the light absorption coefficient was not available in 193:1. 
The molecular weight of urease has now, however, been deter- 
mined by Sumner J and is 480,000, so that equation (5) can be 
used and the photochemical yield (f> for the destruction of urease 
can be calculated. The results are set out in Table 0. 


Table 0 


Wave-length 


cm.^ 


1 

.moles urease. 




196 

207 

228 

254 


850 xlO^ 
268 X 10' 
63 X 10' 
4-0 X 10' 


283 4-8x 10' 

366 0-18x10' 


mo In quanta absorbed 
-inolos urnasn destroyed. 

302 

326 

280 

150 

264 

260 


From the teble it can be seen that on an average 300 quanta 
must be absorbed to make a molecule of urease inactive. This 
result is remarkable from several points of view. If, for example, 
we compare the longest and the shortest ^v a ve -lengths we find 
that the light absorption at 190 m/x is 4,700 times greater than 
at 366 niju.. At 366 m(U. only tryptophan and tyrosine really 
absorb light, whilst at 196 m/a all the amino acids of the enzyme 


t F. Kubowitz and E. Haas, Bioch. ZcHschr, 257, 337 (1933). 
t J. B. Suiimor el al., Journ, biolog. Chem. 125, 37 (1938). 
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molecule are absorbing. At 360 the molar quantum energy 
amounts to 77,500 calories, whilst at 196 m/a the value is 
145,000 calories. In spite of this, the Quantum requirement in 
both regions of the spectrum is almost the same, so that it 
follows that for the destructive action of thelightit is immaterial 
which part of the enzyme molecule is absorbing and how great 
is the energy of the quanta. 

We shall continue this experiment, but not with urease, 
because it is not known why urease has its particular action. 
We shall use an enzyme the active group of which is known. 
In 1933 when we examined the photochemical destruction of 
urease such enzymes had not been isolated. 



CHAPTER XIIl 


ABSORPTION SPECTRUM OF THE OXYGEN 
TRANSPORTING ENZYME 

In our study of the photochemistry of carbon monoxide-iron 
compounds we shall now deal with the oxygen transporting 
enzyme, that is, not with an isolated enzyme, but with a bio- 
logically active one. Difficulties will arise because what could 



Fig. li). Determination of the light action. 

K = cathetometer. D — differential iiiaiiuinetcr. 

E ~ eccentric pulley. V = quartz vessel. 

T = thermostat made from lead plate with a quartz window. 

J = felt jacket. Q ~ mercury vapour lamp. 

B shutters. F — light filter. 

be directly measured in model experiments will now have 
to be calculated and assessed by observation of the effect on 
biological processes. Inhibition of cell respiration by carbon 
monoxide, the action of light on such inhibition, and the 
effect of the intensity and wave-length of the light, are the 
experimental factors from which the chemical nature and 
the mechanism of action of the oxygen transporting enzyme will 
be deduced. 

The experimental arrangement is shown in Figs. 19 and 20. 
Torula yeast and acetic acid bacteria were used as experimental 




138 


OXYGEN TRANSPORTING ENZYME 


[Ch. XIII 

material because these cells have a large oxygen respiration, 
^ and they stand to the vigorous shaking neces- 

sary in inanometrlc expennients for a sufficiently 
long time without ill effects. 


1. Light sensitivity 

When cells, the respiration of which has been 
inhibited by carbon monoxide, are exposed to light 
ve.ssel the partition constant K increases from the value 
5=2 c.c. cell in the dark to a light value determined by the 
intensity and the wave-length. 


t 

Fig. 20. Quartz 


suspension. 

E = inner ves- 
sel eontamiiig 
0-2 c.c. 5% 
potash. 


dark : 


light: Zft 


„ _ % CO 
n, CO 


1 


( 1 ) 

( 2 ) 


If the pressure of oxygen and carbon monoxide remain constant 
the difference (2) minus (1) is 


Kjr-iU = AA^ 


C^U 


1 - 
CO 


(3) 


(4) 


and if we divide (3) by (1 ) to eliminate we obtain 

If one therefore determines for cells, the respiration of which 
has been inhibited by carbon monoxide, the residual respiration 
in the dark n^i and that in light the percentage displacement 
AK 

of the partition constant can be calculated from (4). 

The quantity has the important significance, as is theoreti- 

cally established below, that it is proportional to the light in- 
tensity for any given cell suspension and wave-length. Therefore 


AK . . 

.L,. 


(5) 


where A is a proportionality factor which we call ‘light sensiti- 
vity’, the dimensions of which arc a reciprocal of intensity. 
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In F?g. 21 an experimental example is illustrated jrrapliically.t 
plotted as a function of the light intensity gives nearly a 

straight line which goes through the origin. The proportionality 
factor in equation (5), the light sensitivity L, has an intcrv^ting 
physical significance. On substituting for the partition constant 



Fig. 21, Displacement of the partition constant K by light of wave-length 
436 rug,, Temp. 1U‘'. 


K the four velocity constants by which it is determined -- 
compare Chapter XI, equation (32), 


K = 


B_z 

Wb 


( 6 ) 


— it has to be remembered that on exposure to light ouly oue of 
the four velocity constants changes, viz. z, the velocity constant 
of fcheFeCO dissociation. Therefore, resolving (6) for darkness and 
for light we obtain 


K,= 


Bza 
Z’ b’ 


K — ^ 

Z' b' 


Hence K„-K, = AZ | \{z, -z,), 

AJT _ 

t O. Warburg and E. Negelein, Bioch. Zeitachr. 193, 339 (1928). 


(V) 




The light sensitivity therefore increases with increase of the 
light absorption coefficient of the carbon monoxide compound 
of the enzyme, and with increase of the photochemical yield 
in the dissociation of the carbon monoxide compo’.jid of the 
enzyme. The light sensitivity decreases with increase of the 
darkness dissociation constant of the carbon monoxide com- 
pound, since the more rapid the darkness dissociation is, the 
less will any additional photochemical decomposition change the 
darkness partition of the enzyme. On the other hand, the light 
sensitivity is independent of the pressure of oxygen and carbon 
monoxide and also independent of the Velocity constants 
B, and 6. 

It is a consequence of equation (10) that the light sensitivity 
should change with temperature, and moreover it will increase 
if the temperature decreases, because if the temperature de- 
creases Zfi becomes smaller, whilst <j} and ^ remain constant. 
Therefore in experiments depending on high light sensitivity 
the temperature should be kept as low as possible, a factor which 


t 0. Warburg et aL, Bioch. Zeitschr. 214, 26 (1929)^ 214, 64 (1929). 
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we have taken into account in the detenniiiation of the absorp- 
tion coefficient of the enzyme. 

Since the light sensitivity h is determined the three theo- 
retically important quantities and 



and since L can always be easily determined from the stationary 
partition values n^l and and the light sensitivity i is always 
easy to determine, ^ 

L has therefore played a great part in the photochemical investi- 
gation of the oxygen transporting enzyme. For example, we 
found the following values from equation (5) wlien the light had 
a quantum intensity i and n increased from to % : 


Carbon monoxide compound of 

i Temp, 

Wai'c-lenqth 

L 

fcm.^ minutes] 

substance 

L?C.j ^ 

[mp] 

Imolo qinmtaj 

Oxygen transporting enzyme of 
acetic acid bacteria , . ' 

10 

430 

L>1 xl0« 

Oxygon transporting enzymo of 




yeast , . . . . 

0 

43G 

34 X 10* 

Oxygon transporting enzyme of 




yeast ..... 

ID 

436 

7-CxlO« 

Oxygen, transporting enzyme of 




yeast ..... 

10 

54G 

0-73 X 10« 

Haemoglobin. .... 

4 

640 

0-07 X 10^ 

Haemoglobin in N carbylamine . 

10 

578 

2 0 X IQB 


In regard to these figures it is to be noted that the light 
sensitivity is not only different for different kinds of cells but 
varies for the same cells when these have been cultured in differ- 
ent ways. When, therefore, it is desired to examine the effect of 
wave-length or temperature on the light sensitivity it is best to 
use aliquots of the same cell suspension. 

We found that the light sensitivity L of the carbon monoxide 
compound of the yeast enzyme was of the order of 10® {expressed 
as reciprocal quanta intensity) for the wave-length 436 m/^ and a 
temperature of 10°. A value for // of 10® means that the partition 
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constant times its dark value when the cells are exposed 

to light of quantum intensity i ~ 1. 

For measurements of the action spectrum it is, however, 
sufficient to obtain a twofold increase in the partition constant. 
Then ^ 

and the general equation 


1 ^K 


(5) 


becomes 


L=~ 


1 . 


is therefore the quantum intensity which doubles the par- 


tition constant, and for yeast, using the wave-length 436 mp, and 
at temperature 10°, it has the value 


L 


1 y Ynole quanta 

10^ 0111 .'“^ minutes 


^ 0*65x10-'^ 


cal. 

cm.^ minutes 


This is about 1/10,000 of the intensity of the sun on the surface 
of the earth. 


2, Relative absorption spectrumf 

When cells, the respiration of which has been inhibited by 
carbon monoxide, are exposed to light of wave-lengths Aj and Ag 
and the light sensitivities arc found to be and on applying 
equation (10) we obtain 

Lj = Mi, (10a) 

^2 = — , (10 6 ) 

where the dark dissociation constant Zj has no index, since for a 
given cell suspension z^i must be the same in both cases. The 
photochemical yield could be different from Office, 
however, in the photochemical dissociation of carbon monoxide 

t 0. Warburg and E. Negoloin, Bioch, Zeitschr. 193, 339 (1928); 214, 64 
(1929). O, Warburg, Zeitschr. Jur angewawUe Chemie, 45, 1 (1932). F. Kiibo- 
witz and E. Haas, Bioch. Zeitschr. 255, 247 (1932). 
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iron conipounds we have never found any cliange of ^ with 
wave-lengths in the region of the spectrum from 25:1 to 578 n\fx, 

then * , , 

ri — 9'i' 

Dividing (10 a) by (106) we obtain 


b. ^ h 
•^2 A 


( 11 ) 


This is the equation for the calculation of the relative absorp- 
tion spectrum of the carbon monoxide compound of the oxygen 
transporting enzyme. 

The manometric technique was so arranged that tlie ratio of 
the light sensitivities L, that is, the ratio of the absorption 
coefficients could be determined with an accuraev of 10 per 
cent. The optical part of the work was more difficult. It was not 
easy to isolate a sufficient number of regions of tlie spectrum of 
satisfactory purity and intensity. We began our ex].)eriment with 
six regions and finished with thirty. The mercury lamp, spark 
discharges, and carbon arcs were used as the light sources, from 
which the particular regions of the spectrum w^ere isolated with 
the help of filters and monochromators. Our shortest wave- 
length, 253 m/r, was obtained using a zinc spark, and our longest, 
671 mp., was obtained from a lithium-carbon arc. Probably no 
other photochemical reaction has been investigated using so 
many wave-lengths. 

The results of one series of experiments using yeast cells are 
illustrated in Pig. 22. T^eaving out of consideration for the pre- 
sent the dimensions of the ordinates, let us deal wuth the relative 
spectrum. This spectrum — the absorption spectrum of the car- 
bon monoxide compound of the oxygen transporting enzyme^ — 
is very similar to that for carbonyl haemoglobin shown in Fig. 
23. It differs from the latter, however, in that the bands have 
been displaced towards the red end, and in the height of the 
€'bands. The position of the bands is approximately as follows: 



e 

S 

y 



a 

Carbon monoxide enzyme 

283 

1 355 j 

4:io i 

512 

540 

590 

Carbonyl haemoglobin 

275 

i 344 

1 1 

420 1 


540 j 

570 
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We obtained the same absorption spectrum for the oxygen 
transporting enzyme of acetic acid bacteria. As an example of 
animal cells we investigated the retina, ■j* The oxygen trans- 
porting enzyme of this material had a spectrum displaced 
towards the red in comparison with that of haemoglobin. 


3. Molar absorption spectrum 

When cells, the respiration of which has been inhibited by 
carbon monoxide, are exposed to monochromatic light of known 
intensity the light sensitivity Lx for the wave-length A i.s obtained. 
When the cells are darkened, and the time taken to reach the 
dark equilibrium is determined, the dark dissociation constant 
carbon monoxide compound of the enzyme is obtained. 


Equation (10) 


Ly = 




gives the product (f}^x^ and if we put (j) ■- 
since ^ 

, ^ 

1 


( 10 ) 

= I we obtain from (10) 




the molar absorption coefficient of the carbon monoxide com- 
pound ot the oxygen transporting enzyme. 

In four experiments with four different yeast suspensions, using 
the blue mercury line 436 mp at 10° and with found 4 


-^486 

cm.^ min. 



■ 1 ■ 


0 ^'«36 

P436 — 

4‘ 

r 1 

.mole quanta. 

.min.. 

.gram atoms Ee. 

7-9xl0» 1 

7- 4 X W 

6-9x 10« 

8- 3 X 108 ‘ 

()'526 

1 0382 

()-575 

0-402 

4-18x108 
* 2-82 xl0« 

3-90 X 108 

3-32 X 108 

Mean 3-6 xlQ® 


The mean value of was therefore 3-6x10^. Using this 
value to convert the relative into the molar absorption spectrum 
we obtained the molar absorption spectrum of the carbon 
monoxide compound of the oxygen transporting enzyme shown 
in Fig. 22. 

t 0. ’Warburg and E. Negfilein, IHoch, Zeitschr. 214, 101 (1929). 
t Id., ibid. 64 (1929). 


5111 
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If we compare this with the molar absorption spectrum of 
carbonyl haemoglobin shown in Fig. 23 it can be seen that the 
two spectra are almostidenticalnot onfy in their composition but 
also in the heights of the bands. Only in the heights of the e-bands 
which are due partly to the absorption by the protein do they show 
any real difference. This will be discussed in the next section. 

If in the calculation of the molar spectrum of the enzyme we 
had taken (jj ~ 0*50 or (j> = 0-25, then since 



the enzyme bands would have become twice or four times as 
high as the corresponding haemoglobin bands. That is to say, 
the molar enzyme spectrum would have been too high to be a 
haemochromogen spectrum. Although, therefore, on the basis of 
the model experiments*!' of recent years (which differ from those 
of 1929) values for 0-50 and 0-25 must also be taken into 
consideration, = 1 is retained because only with this value can 
the relative and the molar enzyme spectra be brought into 
agreement. 

I almost regret that we cannot put <j) = 0-25 and thus assume 
that the enzyme is a fourfold polymerized haem compound. 
On such a basis the oxidation of the enzyme iron, by which four 
atoms of ferrous iron react with one molecule of oxygen, could 
be better understood, and also a reason could be furnished as to 
why haemoglobin, a successor to the oxygen transporting en- 
zyme, is a fourfold polymer. 

Note. In the first determination of the molar absorption 
coefficients of the oxygen transporting enzyme the light intensi- 
ties were wrongly determined f due to a defect in the wiring of 
the bolometer. In spite of this, however, we found the correct 
value for these coefficients. 1 have been asked why we measured 
the light intensities in the determination of the molar absorption 
coefficients since they cancelled out in the result. 

The answer is that we made two independent measurements 
with the faulty bolometer. We determined the photochemical 
f Cf. Chapter XIL 

i 0. Warburg and E, Negelein, BiocJi. Zeitschr. 204, 495 (1929). 
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yield (j) for the model substances and the li^lit sensitivity L for 
the enzyme. Both values were 2-2 times too large. Since in tlie 
calculation of the molar absorption coefficients 

the ratio Ll(j) comes in, the error cancelled itself out, but the 
intensities did not. 


4. Protein component 

If the e-bands in Figs. 22 and 23 arc compared it is seen that the 
enzyme band is considerably higher than that of haemoglobin. 
Since the bands are due partly to the haem and i)artly to the 
protein, these differing heights mean that more protein is com- 
bined with the haem in the enzyme than in haemoglobin. How 
much greater this amount is can be calculated as follows: 

In the region of the e- bands the ‘molar’ absorption coefficient 

r nryy 2 -\ 


of the carbonyl haemoglobin k 0-83 x 10® 


mole Fe 


and that 
The molar 


of the carbon monoxide haem 0-5x10® 

[mole Fe 

absorption coefficient of the protein component of haemoglobin 
is therefore 


= 0-83X 10®-0-50x 108 ^ 0-33 X 108 I 

[mole FeJ 

On the other hand, in our experience the absorption coefficient 
referred to unit weight of most enzyme proteins in the region of 
the e-band is . * 

If we divide the molar ^ by the jS referred to unit weight, we 
obtain the amount of protein combined with one gram atom of 
iron in haemoglobin: 


cm.^ 
g. protein 


^ _ 16500 [ 

^^jprotein 2-0 X 10^ [gram atoms Fe 
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Applying the same method of calculation to the €-band of the 
enzyme we obtain 

(i^Ciar" = 2-Ox 10S-0-r)X 108 


[gram atoms ironj’ 

and the amount of protein which is combined with 1 gram atom 
iron in the enzyme is 




liroteiii 

molar 


^^jprotein 


1'5X10« ^ 75000 [ g- p rotein 
2‘Ox 10^ gram atoms Fe 


The objection to this method of calculation is that 
(the value of which depends on the content of the protein in 
tryptophane and tyrosine) has not been measured for the en- 
zyme protein and need not necessarily be 2 x 10®, However, it is 
probable that the value lies near 2 x 1 0^ and that our calculation 
gives the correct order of magnitude. 


5. Concentration of the enzyme iron 

Since the carbon monoxide inhibition of cell respiration is 
independent of the concentration of the enzyme iron, it is im- 
possible by inhibitory experiments to find how much oxygen 
transporting iron is contained in the cells. The enzyme con- 
centration does not appear in any of our equations. It is only 
the values of the ratios 

ferric ferric fe|^c 

ferrous FeCO X Fe 

which can be determined by our respiration measurements. 

On the other hand, when aerobic cells are brought into con- 
tact with carbon monoxide they must combine with an amount 
of this substance equivalent to that of the oxygen transporting 

enzyme Fo -f CO = FeCO, 

If one could determine this carbon monoxide, one could obtain a 
maximum value for the concentration of enzyme iron in the cells. 
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5 g, of yeast suspended in phosphate were added to vessels I 
and II of the differential manometerf shown in Fig. 24. The gas 
space in vessel I was filleff with nitrogen, that of vessel II with 
nitrogen containing 5 per cent, carbon monoxide. When the 
vessels had been shaken till the differential manoniotor sITowed 
no further pressure change, the same amount of carbon monoxide 



Fig. 24, Differential manometer for the determination 
of very small gas absorptions. 


was introduced under pressure into both vessels, and shaking 
was continued. Vessels I and II must contain the same amount 
of dissolved carbon monoxide, since the increase of carbon 
monoxide pressure was the same in both. In addition to this, 
however, some of tho carbon monoxide introduced would be 
chemically bound in vessel I duo to the reaction 

Fe + CO - FeCO, 

whilst in vessel II this reaction would already have taken place 
before the introduction of the carbon monoxide. 

The differential manometer showed no difference in levels in 
any experiment. Taking into consideration the accuracy of 
measurement and the constants for the vessels, this meant that 

f O, Warburg and F. Kubowitz, Bioch, Zeitschr, 203, 95 (1928). 
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5 g. of yeast cells reacted chemically with less than 0-1 6 X 10“^ c.c. 
of carbon monoxide. The concentration of enzyme iron in the 
yeast cells cannot therefore be greatel than 

^ ^ I cm.^ J 

The concentration of cytochrome in yeast cells is more than 
ten times greater than this value, so that the differential mano- 
meter would have shown a difference in levels if the carbon 
monoxide had reacted with the cytochrome. Our spectroscopic 
observations made in 1926 which showed that cytochrome docs 
not react with carbon monoxide were therefore confirmed by an 
independent method. 


6. Velocity of reaction of the enzyme ironf 

When the oxygen transporting enzyme transports oxygen in 
respiring cells, the respiration, which is a stationary condition, 
equals the velocity with which the ferrous iron is oxidized and 
also that with which the ferric iron is reduced. If we designate 
the respiration as A and the oxygen pressure as then 

A — 0-25 X i3x [ferrous] xpojj (12) 

A ~ 0-25 X X [ferric], (13) 


where B and Z' are the velocity constants of the oxidation and 
reduction of the enzyme iron and the factor O' 25 has the dimen- 
sion 2 . From these equations the velocity constants 

moles iron] 

B and Z' can be calculated if the concentration of the ferrous and 
ferric iron and the oxygen pressure are known. For baker’s yeast 
at lO'^ in air, in which the whole of the enzyme iron is present as 
ferric iron, we found 


A = 0-45x10-5 


moles Og 

minutes . cm.® yeast 


Substituting the maximum value for enzyme iron found above, 


[2^®] = l*43x 



f 0. Warburg and F. Kubowitz, Bioch. Zcitachr. 202, 387 (1928); 203, 95 
(1928); 214, 5 (1929). 
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equation (13) becomes 




0-45x10-5 


1-43 X 10-5x0-25 


-- = 1-3x104 


1 


minutes 


For baker’s yeast at 10° under an oxygen pressure aUwhich 
the respiration was half as great as it was in air, that is, under 
conditions such that [ferrous] = [ferric], wc found 
Vot = 'lx 10-4 [atmospheres]. 

Substituting this value in (12), from (12) and (13) we obtain 

B = = 0-43 X lo4- -. - - ^ 1. 

3x10-4 [minutes atmospheres J 

The values of B and Z' thus obtained are minimum values, 
since they were obtained using the maximum value for the en- 
zyme concentration [^ 



CHAPTER XIV 


SPECTROSOOPIO IDENTIFICATION OF THE 
OXYGEN TRANSPORTING ENZYME 

Ever since it was known that carbon monoxide inhibited cell 
respiration we have been examining cells spectroscopically with a 
view to finding bands which were displaced by carbon monoxide, 
but it was not until 1933, eight years after the discovery of 
carbon monoxide inhibition, that we found such bands. 

The choice of experimental material was probably the 
determining factor. On the assumption that the stronger the 
respiration the greater would be the amount of oxygen trans- 
porting enzyme in the cell, the most promising materials were 
the very strongly respiring cells. Acetic acid bacteria and, 
according to the measurements of Meyerhof and Burke, | 
azotobacter belonged to this class. 

1. Acetic acid bacteria J 

The vertical spircal of a low -voltage metal filament lamp is set up 
opposite the centre of a quartz vessel, the plane parallel sides of 
which are 1 cm. apart. The vessel contains the acetic acid bacteria 
suspension. The slit of a hand spectroscope is placed as near as 
possible to the side of the vessel away from the lamp (Fig. 25). 

When the cell suspension is 8 per cent, by volume, three cyto- 
chrome bands in the green region at 550, 553, and 563 mp are 
seen under anaerobic conditions. A cytochrome band at 604 mjx 
which can be soon in most other cells is i^issing. 

The cytochrome bands of the acetic acid bacteria have the 
usual properties. They disappear on going over to aerobic 
conditions. They are not displaced by carbon monoxide, not 
even by carbon monoxide at 60 atmos. pressure. § In addition, 
they are not displaced by cyanide. Both carbon monoxide and 

t 0. Moyerhof and D. Burke, Zeitschr.J. physikalischc Chtmic, A 139, 117 
(1928); 0. Meyerhof and W. Schulz, Bioch, Zeilschr. 250, 35 (1932). 

} 0. Warburg and E. Negclein, ibid. 262, 237 (1933); 0. Warburg, E, 
Xegelein, and E. Haas, ibid. 266, 1 (1933). 

§ A. Reid, ibid. 242, 169 (1931). 
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I 

cyanide, by blocking the oxygen transporting enzyme, prevent 
the disappearance of the cytochrome bands on changing over 
to aerobic conditions. 

When the concentration of the acetic acid bacteria is raised 
from 8 per cent, to 25 per cent, by volnnie, there appcars^iindcr 
anaerobic conditions, in addition to the now very strong cyto- 
chrome bands, a weak band in the yellow at 581) mp. This band 
is displaced by carbon monoxide to 593 mp, that is, to the 



Fig. 25. i — half-watt lamp with vertical filarnent (15 volt, 11 amp,); 
K conden.«?er ; F ^ heat filter (20% acid solution of ferrous sulphate, 3 cm.) ; 
^ = quartz vessel with capillary stopper containing the cell suspension; 

H = hand spectroscope. 

region of the spectrum in which, according to our photochemical 
measurements, the a-baiid of the carbon monoxide compound 
of the oxygen transporting enzyme is situated. 

In other ways, too, the band in the yellow behaves just as a 
band of the oxygen transporting enzyme should. In particular, 
it disappears on changing over to aerobic conditions in the 
presence of cyanide. It behaves, therefore, toAvards cyanide 
differently from the cytoehrorae bands. 

The origin of a band in the red at 03!) mp Avhich we have 
discovered under aerobic conditions at respiration-inhibiting 
concentrations of cyanide is still not clear. Lemberg and 
Wyndharaf have expressed the vieAv that this band originates 
from a green hacmin.j! Against such a theory there is the evi- 
dence that the band in the red disappears again on washing out 
the cyanide from the bacteria, whereas we have no information 
to the effect that the oxidation reaction by wliich the green 
haemins are formed is reversible, 

t R. Lemberg and R , A. Wyndharn, Proc. . lioyal Foe. New Sotith Wales, 70,343 
(1937). I 0. Warburg and E. Xegelein, Che7n, Herichie, 63 , 1816 ( 1 930). 
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2. Azotobacter f 

When azotobacter is examined spectroscopically using the 
arrangement in Fig. 25, two cytochroine bands at 550 and 563 
rn^ are observed under anaerobic conditions. These bands 
behave towards oxygen, carbon monoxide, and cyanide in the 
same way as the cytochrome bands of the acetic acid bacteria. 
In addition to those of cytochrome, however, a sharp band in 



aerobic 

647 



aerobic 
in HCN 

563 550 



anaerobic 

632 563 550 



n 

anaerobic 
in CO 

637 5e 

!3 5 

50 



□ 

anaerobic 
in HCN 


632 563 550 

Fig. 26. The respiration of azotobacter and its inliibition by CO and HCN. 
Diagram of spectra. 


the red at 632 m/x can be seen ; this band has the interesting 
property of being displaced by carbon monoxide to the 
extent of 5 mp, i.c. to 037 m/x. The band at 637 m/x is also a 
sharp band and in other ways too it behaves like the band of the 
oxygen transporting enzyme. In changing over to aerobic 
conditions it disappears and a band at 647 m/x' is seen. This 
corresponds to the change from ferrous to ferric iron. Cyanide 
has no effect on the 632 band but causes the 647 band to dis- 
appear. Cyanide does not react with ferrous, but only with 
ferric iron, as is shown by the effect on haemoglobin and 
methaemoglobiu and the formation of cyanhacmoglobin. 

These results are illustrated graphically in Fig. 26. The 

t E. Negelein and W, Gerischer, ’Naturwissenschajim, 21 , 884 (1&33); Bioch. 
Zeit&chr. 268, 1 (1934). 
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experimputs should be carried out by all those who are studying 
the respiration problem, for here one can see with the spectro- 
scope how the oxygen transporting enzyme transports oxygen 
by virtue of the valency change ferrous^ ferric, and how carbon 
monoxide by reacting with the ferrous iron, and cyarAde by 
reacting wnth the ferric iron, inhibit tlie oxygen respiration. 

3. Heart muscle 

In 1939 Keilin and Hartreef were able to identify in heart 
muscle preparations the band of the carbon monoxide com- 
pound of the enzyme at 590 mp, whicli we had found spectro- 
scopically using the acetic acid bacteria in 1933.t Tliey made 
an interesting observation when, according to our recom- 
mendation, § they used blue light. They saw how, on i}assing 
carbon monoxide, the main part of band 448 mfi clianged over 
to 431 mg, i.e. to the region in which the main band of tlie 
carbon monoxide compound of the enzyme is situated. From 
that it can be concluded that the greater part of the band at 
448 mp, is the main band of the ferrous form of the oxygon 
transporting enzyme. 

The work of Keilin and Hartree, however, contains some 
obscure points. For example, they do not explain the apparent 
development of the band at 431 mg from that at 448 mp, not only 
on treatment with carbon monoxide, but also on addition of 
cyanide. They also give no information about the position of 
the main band of cytochrome a which appears to he missing 
although the a-hand of cytochrome a is present. Probably no 
further progress wdll^be made in this direction unless the quali- 
tative spectroscopic experiments are replaced by quantitative 
investigations. 

t D. Keilin and E. F. Hartree, Proc. Royal Roc. H 127, lfi7 (193!)). 

I 0. Warburg and E. Xegoloin, Block, Zeitschr. 262, 237 (1933); 266, 
1 (1933). 

§ Id., ibid. 233, 486 (1931); 238, 135 (1931). 



CHAPTER XV 


THE CHEMICAL CONSTITUTION OF THE 
OXYGEN TRANSPORTING HAEM 

A COMPARISON is made of the spectrum of the oxygen trans- 
porting enzyme in yeast or in acetic acid bacteria with that of 
haemoglobin in the following table : 



Main band i 

a-band 

Carbonyl haemoglobin 

420 nifi 

.'jTO m(i 

Carbon monoxide enzyme 

431 mfi 

591 mu 


It can be seen that the absorption bands of the enzyme occur 
at considerably higher wave-lengths. These differences are not 
due to the protein components, for by coupling the proto- 
haemin with bases the spectrum can be displaced a few nip, 
towards the red, but in no case to the extent of 20 ni/4 which is 
the amount by which the a-bands of the enzyme and haemo- 
globin differ. 

For this reason we were convinced that the enzyme haems 
are different from protohacm. In 1930 we started experiments 
to prepare haemins which would behave spectroscopically like 
the enzyme haemins. 

Our starting materials ivere protohaemin and chlorophyll. 
The methods wc used were essentially those of Hans Fischer, f 
and Fischer’s haemiii and chlorophyll formulae made it possible 
for us to obtain information concerning the chemical constitu- 
tion of the enzyme haems from a comparison of the spectra, 

1. Classification of the haemins according to colourj 

Wc recognize red, green, and dichroie haemins. Red haemins 
for example, include protohaemin, mesohaemin, and deutero- 
haemin. Co proporphyrin discovered in animal bodies by Hans 
Fischer gives an iron compound which is also a red haemin. 
Other red haemins are pyrrohaemin, phyllohaemin and rhodo- 

t Hans Fischer, Hans Orth, and Adolf Stern, Die Chemie des Pyrrols, 
Leipzig, 1934 to 1940. 

I 0. Warburg and E. Negelein, Bioch. Zeitschr, 244, 9 (1932), 
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haeinin, whose porphyrins were prepared l)y Widstatter from 
chlorophyll. The red haems have tiie following bands : 



Main band j 

a- band 

Carbon monoxide compounds of the 

■ 420 m/i 

570 mp 

red haems 

1 and at shorter 

and at sliorter 


’wavelength 

wavelength 


Up till now no oxygen transporting enzyme has been found, 
the haemin of which could be a red liaemin as judged from the 
position of its bands. 

Green hacmins can be obtained by oxidation of red liacniins. 
The green haemins obtainable from chlorophyll by replacing 
the magnesium by iron are however, more important. Wliilst 
the a-bands of the red haemins lie in the green, the green hae- 
mins have their a bands in the red. Oxygen transporting 
enzymes having a green haemin are found in bacteria. For 
example, the oxygen transporting haemin of Azotobaeterf is a 
green haemin, the a- band of which is in the red at G32 in^. 
This is displaced by carbon monoxide to 637 irifi. 

Intermediate between the red and the green haemins wo 
have diehroic haemins, solutions of which appear red or green 
according to their concentration and the thickness of the layer 
through which they are viewed. Their a-bands lie in the yellow, 
i.e, between the a-baiids of the red and tlie green haemins. 

Oxygen transporting enzymes having a diehroic haemin 
are widely distributed in nature. The oxygen transporting 
haemin of yeast, of the acetic acid bacteria, of the retina and 
probably of most aeibbic cells is a diehroic haemin. 

All three types of haemins, red, green and diehroic have the 
property of transporting oxygen catalytically by a valency 
change in their iron atoms. | 

The diehroic haemins which we have investigated show the 
particular property of readily changing by a reversible reaction 
into red haemins. This phenomenon, whioli we discovered in 


\ a WarLrg and F, Kubowit^, Bioch. Zeitschr. 227, 184 (1930). 
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1930,*f is probably of physiological importance, but the 
chemistry is not as yet completely understood. 

If, for example, a dichroic haemin'is dissolved in a weakly 
alkaline cysteine solution at room temperature, in the course 
of an hour a red haem in is formed, and from a solution of the 
latter the original dichroic haemin can be precipitated on 
acidification. Or, if a dichroic haemin is dissolved in methyl 
alcohol containing a little hydrochloric acid, it changes to a 
red haemin, from a solution of which the original haemin is 
obtained on concentrating. The dichroic and the green haemins, 
but not the red haemins, also possess the property, noteworthy 
for physiological reasons, of being able to oxidize catalytically 
carbon monoxide to carbon dioxide at room temperature. J 

The green haemins, and still more so the dichroic haemins, 
are therefore more reactive than the red haemins. 

2. Preparation of a green haemin from a red haemin§ 

If protoliaeiniri is dissolved in aqueous pyridine containing 
hydrazine, and oxygen is passed through the solution, in a few 
minutes the red colour changes to green. The green haemin 
which is isolated from the solution in an amorphous state gives 
a crystalline green ester on heating with methyl alcoholic 
hydrogen chloride. This compound, in contrast to the green 
haemin from which it is isolated, shows no characteristic 
absorption bands. 

This was our first attempt to prepare a haemin with the 
spectroscopic properties of the enzyme haemin. The attempt 
was a complete failure. Neither of the tv o green iron compounds 
possessed any property of catalytic oxidation. 

R. Lemhergll showed later that the green crystalline ester is an 
iron salt of a biliverdin ester, the first crystalline bile pigment 

t O. Warburg, E. Negelein, and E. Haas, Bioch. Zeitsekr, 227, 171 (1930); 
0. Warburg and E. Negelein., ibid. 244, 9 (1932); 0. Warburg and W. 
Christian, ibid. 235, 240 (1931); E. Negelein, ibid. 266, 412 (1933). 

t Id., ibid. 243, 386 (1931). 

§ 0. Warburg and E. Negelein, Chem. Berickte, 63, 1816 (1930). 

It R. Lemberg, Bloch. Journal, 29, 1322 (1935). 
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obtained artificially from blio blo(3(l pigment. >Siiu‘e Miat tinH'f our 
oxidation reaction has been applied witli success to many baeniiiys 
and has thus been used fdr a purpose which ^ras not foreseen. 

Lemberg and Wyndham| are of tlie opinion that tlie green 
haemins obtained from the red haemins by oxidation caiwiet in 
cells as oxygen transporting haemins, and in ]U’oof of this they 
relate them to the higher wave-length bands which we discovered 
in azotobacter and acetic bacteria. § In contrast to this v e take 
the view that the naturally occurring oxygen transporting green 
haemins are more closely related to the chloro[)liyll haemins. 

Information as to the chemical changes involved in the 
formation of the green haemins by oxidation of the rod liaomins 
is available from the work of Stier froju Hans Fischer’s Insti- 
tute. According to Stier the oxidation takes |)laoe at the methine 
bridge joining the pyrrole nuclei I and IL The CH is first 
oxidized to COH without any fission of the porphyrin ring. 
The ring is opened only after warming with methyl alcoholic 
hydrogen chloride according to our method for obtaining the 
green ester, and the bile pigment is then formed. In my opinion 
the spectroscopic findings appear to fit this tlieory of Stier. 

3. Preparation of a green haemin from chlorophyll b 

If the magnesium is removed from clilorophyll and the phytyl 
ester group liydrolysed, leaving the carboxyl group, tlierc are 
formed crystalline substances, discovered by Willstattcr|| and 
called by him phaeoj)horbides. Phaeophorbide a is formed iroin 
chlorophyll a and phaeophorbide h from chioropliyll h. 

Hans Fischer and Haumlerj'f showed that iron can he intro- 
duced into the' phaeophorbide. The iron salt of phaeophorbide 
a was the first green haemin to be proi)ared froJii cliloro[)hyll. 
It has remarkable catalytic properties. It When brouglit into 
contact with nuclei -free red blood cells, the oxygen requirement 
t E, Stier, Z.f. physiologische Chem. 255, 209 (1938); 272, 239; 274, 231 ; 

J ’llfL^mbere aJid B. Wyndhara, Proc, Royal Soc. New South Wales, 70, 343 
( 1936 ). ^ Chap. XIV. 

li R. Willstatter and A. Stoll, Untersuchungen uber CMorophyll Berlin, 1913. 
tt H. Fischer and R. Baumler, Liebigs Ann. 474, 65 (1929). 
it 0. Warburg and F. Kubowitz, Bioeh. Zeitschr. 237, 184 (1930). 



160 OXYGEN TRANSPORTING HAEM [Ch. XV, § 3 

is increased 20 times. This increased respiration can be in- 
tfibited by carbon monoxide since tlio ferrous form of the green 
haemin combines with carbon monoj^ide. 

The corresponding haemin of chlorophyll b was prepared by 
us in 1931,1 and obtained crystalline as the propionic acid 
compound. We coupled this green haemin with globin and so 
obtained a green haemoglobin J the carbon monoxide compound 
of which has a band in the red at 630 mp. 

The band of the carbon monoxide compound of the oxygen 
transporting enzyme of azotobacter§ lies at 637 mp,. A relation- 
ship with the green haemin from chlorophyll 6 would appear to 
be indicated. 

According to Fischer|| the green haemin from chlorophyll b 
has the following constitution in so far as the substituents on 
the four pyrrole rings are concerned 


1 — 

CH^CHa 

CHO 



2 \ 



|8 

LI 

[fi 



1 

CH— CO 

CH3 


1 

CHa 

j 

COOCHj 



iooH 

Green haemin from chlorophyll b 

4. Dichroic haemin from chlorophyll b 

When phaeophorbides are warmed at 50° for a few^ minutes 
with hydrogen iodide in acetic acid, there are formed, as was 
discovered by Hans Fischer, ff several porphyrins which have 
been of importance in the chemistry of chloropliyll and wdiich 
were called phaeoporphyrins by their discoverer. In this 
reaction, the vinyl group is reduced to an ethyl group, the 
hydrogen at 7 and 8 being oxidized. The reaction is neither an 
oxidation nor a reduction, but an isomeric change. 

t 0. Warburg, Chem. Berichte, 64, 682 (1931). 

j 0. Warburg and E, Negelein, Bioch. Zeitschr. 244, 9 (1932). 

§ E. Nogelein and W. Goriachor, ibid. 268, 1 (1934). 

11 Hana Fischer, Die Chemie des Pyrrols, Leipzig, 1934 to 1940. 

It Id., Berichte der Bayer, Akademie der Wissenschaften, 1919, p. 77. 
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We have applied the method to phaeophorbide b and liave 
obtained phaeo porphyrin 6.| On introducing iron, phaeohaeniiji 
6 was formed, this being ci^ystallixed as its propionic acid deriva- 
tive to which, according to Hans Fischer, the following formula 
may be given : " > 


CH, 

|T- 


I 

CH, 


C,H 5 

CHO 

1 

C 3 H, 




IJ 

|6 


f 

CHa 

1 

CH— CO 

1 

CH, 

-o- 

1 

(' 0 OCH 3 


COOH 




Phaeuiiuemin b 


Pliaeohaemin b is a dichroic haemin and is converted to a red 
haemin in cysteine solution,^ this being due, as Hans Fischer§ 
showed, to the addition of cysteine to the formyl group. Recon- 
version to the dichroic haemin on acidification of the solution 
of the red haemin would then be brouglit about by tlic removal 
of the cysteine. 

Pliaeohaemin combines with globin to give a phacohaemo- 
globin|| which is a dichroic liaemoglohin and whicli has the 
interesting property of reacting reversibly not only with carbon 
monoxide, but also with oxygen. 

A comparison of the spectrum of this dicliroic haemoglobin 
with the red haemoglobin of blood and with the oxygen trans- 
porting enzyme is shown below: 


1 

Main ba7id 

a-band 

Carbon monoxide protoliacmoglobin . 

420 in/i 

570 m^ 

Carbon monoxide enzyme of yeast 

431 

591 in/i 

Carbon monoxide phaeohaemoglobin. 

435 m/r 

600 

In so far as its spectrum is concerned the enzyme therefore 


comes between the two haemoglobins, but is closer to phaeohae- 
moglobin than to protohaeraoglobin. 

t 0. Warburg and W. Christian, Bioch. Zeiischr. 235, 240 (1931). 
t Section I of this chapter. § Hans Fischer, Chtmie den Pyrrols. 

II 0. Warburg and E. Negelein, Bioch. Zeiischr. 244, 9 (1932). 
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5. The haemin of Spirographis 

V The blood of Spirographis, which appears green in thin layers 
and red in thick layers, contains a pigment which, like haemo- 
globin, forms dissociating oxygen- and carbon monoxide- 
compounds. Ray Lankaster,')’ who discovered the pigment, 
named it chlorocruorin. Munroe H. Fox J found that on evapor- 
ating a drop of blood with acetic acid and sodium chloride the 
chlorocruorin crystallized out. 

We have isolated and crystallized the haemin in sufficiently 
large amounts to permit its analysis and chemical investiga- 
tion.§ We also obtained the })orphyrin and some of its deriva- 
tives in crystalline form. 

Our chemical investigation showed that the Spirographis 
haemin contains less carbon but more oxygen than proto- 
haemin. Five atoms of oxygen are present, of which four are in 
carboxyl groups whilst the fifth reacts with hydroxylamine. 
Moreover, the Spirogi’aphis haemin has no, or at most one, 
vinyl group. 

For the conclusive investigation and proof of the constitution 
we are indebted to Hans Fischer|| who has put forward the 
following formula : 

CHg CHO CH 3 CH^rCHa 

I I I _i 

fl 2| [3 


CH, 


CHa CHa CH3 

CHa UHa 

l:;00 phytyl COOCH 3 

The Spirographis haemin 


t Ray Lankaster, Journ. Anat. and Physiology, 2, 114 (1868) ; 4, 119 (1870). 
MaeMunn, Quarterly Journ. of Microsc. Science, 25, 469 (1885). A. B. Griffith, 
Compt. Rend. Paris, 114, 1277 (1892). 

t Munroe H. Fox, Proc. Cambridge Philos. Soc. Biolog. Science, 1 , 204 ( 1 924) ; 
Proc, Royal Soc. London, B 99, 199 (1926). 

§ 0. Warburg, E. Negeleiii, and E. Haas, Bioch. Zeitschr. 227, 171 (1930); 
O. Warburg and E. Negelein, ibid. 244, 239 (1932). 

|{ Hans Fiseher ajid C. v. Seeinaim, Zeitschr, f. physiolog. Chem. 242, 133 
(1936); Hans Fischer and G. Weeker, ibid. 272, 1 (1941). 
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The Spirographis haemin is tlierefbre protohaeniin in w liic'h a 
vinyl group lias been oxidized to a formyl groTip, y 

It is a dichroic haomni and can easily be converted into a 
red haemin, for example, by allowing it to stand for som^ hours 
ill a weakly alkaline solution of cysteine. On acidillcatiou, the 
dichroic haemin is again precipitated. As in the ease of phaeo- 
haemin, Hans Fischer explained this reaction by the addition 
to the formyl group of cysteine and its subsequent removal 
on acidification. 

By coupling the Spirographis haemin with globin obtained 
Spirographis haemoglobin,! the bands of which occur at shorter 
wave-lengths than those of chlorocruorin, but at longer wave- 
length.s than the protohaemoglobin bands. Tiolow is a com])ari- 
son of these bands with those of the oxygen transjiorting enzyme 
in yeast, and it can he seen that the enzyme bands lie near tbo.se 
of the Spirographis haemoglobin : 



Mam band 

a-band 

Carbon monoxide proto haoinoglo bin , , | 

420 in/i 

570 

Carbon monoxide enzyme 

431 Wfi 

.'iOl ni/x 

Carbon monoxide spirographis haemoglobin 

43,0 m/i 

590 mp. 

Carbon monoxide chlorocruorin . . | 

440 m/.i 

502 m^ 


6. Dichroic haemin from heart musclej 

When minced horse heart muscle is Avashed Avith Avater till 
the Avash water is colourless, liaemoglobin, myoglobin, and a 
part of the cytochrome c are removed. Tlie resitlue contains 
the water-insoluble part of cytochrome c, the whole of cyto- 
chromes a and 6, anci the oxygen transporting enzyme. 

Acetone containing hydrochloric acid extracts from the resi- 
due two haemins: protohaemin derived from cytochromes b 
and c, and a dichroic haemin derived from cytochrome a and the 
oxygen transporting enzyme. The haemo chromogen reaction 
with pyridine and hydrosulphite gives a strong band at 557 mg 
and a considerably weaker one at 587 mg. 

I d. Warburg and E. Negelcin, Bioch. Zcitschr. 244, 9 (1932), 
t E. Negolein, ibid. 266, 412 (1933). 
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We separated the dichroic haem in from the red haemin 
a^d crystallized it as the pyridine haemochromogen. For analy- 
sis, the liaeinatin, which did not crystallize, was prepared, and 
gave 6*5 per cent, iron, and 4 nitrogen atoms per iron atom. 
Protohaematin contains 8-6 per cent. iron. It follows from the 
low iron content of the dichroic haematin that it contains an 
additional part of molecular weight 300. This addendum must 
be free from nitrogen since the total nitrogen of the haematin 
is pyrrole nitrogen. 

The first thought that arises is that one of the two carboxyl 
groups might be esterified with a high molecular weight alcohol, 
and this would have been in agreement with the behaviour of 
the haemin towards organic solvents. Esterification with phy- 
tol, the molecular weight of which is 296, would lower the iron 
content of the Spirographis haemin from 8*6 to 6*0 per cent., 
whilst 6-5 per cent, of iron had been found. 

Like phaeohaemin b and Spirographis haemin, the haemin 
from heart muscle also has the property of being readily con- 
verted into a red haemin and back again into a dichroic haemin. 
If, as Hans Fischer believes, this phenomenon depends on the 
presence of a formyl group, then the dichroic haemin fi’om heart 
muscle would also contain such a group. 

7. Chemical constitution of the enzyme haemin 

Since all aerobic cells respire, but do not all contain haemo- 
globin or chlorophyll, the oxygen transporting enzyme must 
have been of earlier evolution than either haemoglobin or 
chlorophyll. It does not follow from ^ this, however, that 
haemoglobin and chlorophyll have been developed from the 
oxygen transporting enzyme, but it is probable that they 
have. 

The problem then arises as to what must be the constitution 
of a haemin with the light absorption properties of the enzyme 
haemin if it is the forerunner of both haemoglobin and chloro- 
phyll. 

A formula such as the following would provide a simple 
solution to this problem. 
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CONSTITUTION OF THE ENZYME HAEMIN 


CHs 

CH=CH, 

1 ® 

CHO 

[r“ 


1 1 

^ 4l 

|8 

1 

_aJ 

1 

|e si 

CH3 

CH, 

1 

1 1 

CHa CH3 


CH„ 

1 ' 

CHj 

1 ‘ 


COO phytyl 

COOCH3 


Oxygen transporting enzyme haemin ? 


If the formyl group of this compound were reduced to a 
methyl group and the ester groups Jiydrolyscd, protohaemin 
would result. If the vinyl group in position 4 was reduced to an 
ethyl group, the propionic group at 6 oxidized to the ketonic 
acid, and the two H atoms allowed to wander to 7 and 8, then 
we should have the haemin of chloropliyll b. Further, if Uie 
formyl group was reduced to a methyl group, we should have 
the haemin of chlorophyll a. 

In order to verify this theory the oxygen transporting haemin 
would have to be isolated and this might not be so difficult to- 
day. A suitable starting material might be acetic acid bacteria, 
because they contain no cytochrome a. A dichroic haemin 
obtained from this source could only be the liaemiri of the oxygen 
transporting enzyme, whilst the dichroic haemin isolated from 
yeast or heart muscle would be derived mainly from cyto- 
chrome a. 

Note. These views on the constitution of the haemin of the 
oxygen transporting enzyme were written in 1044 in the hope 
that Hans Fischer , would quickly prove or disprove their 
validity. This hope is now gone, and no one in the immediate 
future, as far as can be seen, will be capable of solving this prob- 
lem. The often repeated saying that no one is irreplaceable does 
not apply in Science. 



CHAPTER XVI 


THE OXYGEN TRANSPOkTING HAEM 

The diacussions which took place witli Whlstatter, Wieland 
and Euler about oxygen transporting iron began in 1922 and 
ended in 1928. They were brought to an end by a controversy 
with Keilin which started in 1929 and finished in 19119. 

Keilin certainly admitted that the oxygen transporting en- 
zyme oxidized the cytochrome, but he disputed the view that 
the oxygen transporting enzyme was a haem compound or 
indeed an iron compound of any kind. This in spite of the fact 
that in 1929 at the latest the haem nature of the oxygen trans- 
porting enzyme had been proved. The discussions with Keilin 
also were therefore of a negative character. 

1 . The name of the oxygen transporting enzyme 

The name of the enzyme played an essential part in these 
discussions. Keilin changed the name of the enzyme several 
times. I should therefore like to make the following observa- 
tions : 

The nature of the autoxidizable part of living matter, that is, 
the part that reacts with oxygen, has been since the time of 
Lavoisier the main problem of respiration, and in order to give 
expression to the solution of the problem in the name of the 
enzyme, 'oxygen transporting' enzyme seemed an appropriate 
title. T admit that 'enzyme reacting with oxygen' might be 
moi^ correct, since the enzyme does not give up the oxygen as 
such, but rather as its equivalent in oxidizing action. But by 
the explanation of the transport as being due to a valency 
change ferrous ferric, any misinterpretation of the transport 
was excluded. 

After 1934, but not earlier, the enzyme could have been 
differently named. For in 1934 we found that the ferric iron of 
the enzyme mainly oxidized ferrous cytochrome. From then 
on the enzyme could have been named ‘cytochrome oxidase’, 
and one of the two substrates with which the enzyme reacted, 
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namely, the cytochrome would thereby have been given pre- 
ference over the other. 

I have for several reasons kept to the old name. Oiio reason 
is that everybody knows what oxygen is, Avhilst the idea of 
cytochrome is known only to the initiated, and often not even 
to them on account of the changing definition. 

Again it must be remembered in this connexion that the right 
to name a substance is reserved for its discoverer. All names 
are disputable no matter whether they are concerned with a 
subject, a substance, or a person. What might happen, however, 
if every name that was objectionable for some reason or other 
were changed can be appreciated by a consideration of examples 
such as lactic acid or succinic acid. Idiose names are certainly 
more controvertible than ‘ histohacmin ’ or ‘ oxygen transporting 
enzyme 

However, in the chemical nomenclature of enzymes f I have 
always designated the oxygen transporting enzyme as 

Ironprotcid 0^, 6ytnchromo« 

ill which neither of the two substrates is given preference over 
the other. 

2. Indophenol oxidasej 

In 1028 Keilin repeated our experiments on the carbon 
monoxide inhibition of respiration, with the modification that 
he replaced the natural substrates with a mixture of a-naphthol 
and p-phenylenediamine which is oxidized in vivo to indo- 
pheuol blue. 

Keilin proved that the oxidation of this unnatural substrate 
was inhibited by carbon monoxide like that of the natural 
substrate, and that the inhibition was reversed on exposure to 
light. 

Such a result was only to be expected, since it was known that 
the carbon monoxide does not react with the substrates, but 

t O. Warburg, Ergebnisse der Enzyynforschxmg, 7, 210 (1938). 
f D. Keilin, Proc, Royal Soc. London, B 104, 206 (1929). 
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with the iron of the enzyme, and that the oxygen transporting 
^zymc and the substrate in the chainf 

O 2 enzyme c 3 rtochrome'' -> . . . substrate 

do nect come into contact with one another. Why therefore 
should the action of carbon monoxide on the oxygen transport 
be affected by changing the substrate ? 

Keilin, however, regarded his result as unexpected and impor- 
tant enough to justify changing the name of the oxygen trans- 
porting enzyme to ‘indophenol oxidase’, and he found much 
support for this. For nine years, from in29 to 1938, the oxygen 
transporting enzyme took on what might be almost called the 
absurd name ‘indophenol oxidase’. The importance of the 
absorption spectrum was even lessened by the change of 
name:J ‘In short, the properties of the respiratory enzyme 
are not those of a haematin compound, but those of the 
indophenol oxidase.’ 

In 1938 Keilin§ again started up his experiments on the 
indophenol blue formation. He found, however, this time that it 
was not the oxygen transporting enzyme, but the cytochrome 
which oxidized the naphthol-diamine mixture to the indo- 
phenol pigment. That is, he showed that our previously pub- 
lished scheme of 1927 applied also for this unnatural substrate. 

In spite of Keilin’s principles in regard to nomenclature, 
he did not find it necessary to rename the cytochrome. Instead 
he again changed the name of the oxygen transporting enzyme. 

‘ Indophenol oxidase ’ was incorrect. ‘ The correct name of this 
oxidase is . . . Cytochrome oxidase. ’ 

Thus indophenol oxidase disappeared from. the literature 
after having been dramatically introduced into Science where it 
remained for nine years without much justification. 

3. Chemical constitution 

Keilin put forward the following arguments || against the 
t Section 10, Chap. VIII. 

J M. Dixon, Biological Reviews, 4, 352 (1929) [p. 387]. 

§ D. Keilin, Proc, Royal Soc. London, B 125, 171 (1938}. 
jj Id., ibid., B 104, 206 (1929). 
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view that the oxygen transporting enzyme was a haem com- 
pound as we had shown it to be from the reaction spectrum^ 

1. Haem catalysis coifld not be inhibited by cyanide. 

2. Haem catalysis could not be inhibited by carbon monoxide. 

3. The photochemical reaction spectrum of the carbon 
monoxide inhibition was not the spectrum of the oxygen 
transporting enzyme, but that of cytochrome. 

4. Experiments with hydrogen cyanide 

Kcilin added cyanide to haemocliromogen solutions, and 
when these were shaken with oxygen he found that the oxida- 
tion of the ferrous iron to the ferric state was not inhibited. 
Since respiration was inhibited by cyanide, lie concluded that 
the oxygen transporting enzyme could not be a haem compound. 

He overlooked the fact that in oxygen transport by iron two 
oxidation stages of the iron are involved — the divalent and the 
trivalent, and that wc had shown that it is the trivalcnt and 
not the divalent iron of the oxygen transporting enzyme which 
combines with the cyanide. Cyanide does not inhibit the 
oxidation of ferrous iron, but rather the reduction of ferric 
iron. I 

5. Experiments with carbon monoxide 

Keilin shook haemochromogen solutions with mixtures of 
carbon monoxide and oxygen and found tliat at the end of the 
reaction the 'whole of the iron was present in the ferric state. 
No trace of a carbon monoxide-ferrous compound could be 
found. Since, however, the oxygen transporting enzyme in the 
respiring celb partitioned itself between oxygen and carbon 
monoxide, Keilin concluded that it could not be a haem com- 
pound. 

He overlooked the fact that ferric iron in the respiring cell 
is always reduced back again to ferrous iron, and that the oxygen 
and the carbon monoxide compete for the ferrous iron thus 
formed. Actually, the partition equation of haemoglobin, as 
was shown at the time by its detailed derivation, was based on 
t 0. Warburg, Bioch, ZeUschr. 189, 354 (1927) [p. 372]. 
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rnatheniatical theory. Besides this, however, we had shown 
jjurely empirically in model experiments with oxygen trans- 
porting haemins, that the haem iron partitioned itself between 
carbon monoxide and oxygen just like the oxygen transporting 
enzym§ in respiring cells, f 

6. Reaction spectrum 

After Kcilin had proved by his experiments with cyanide and 
carbon monoxide that the oxygen transporting enzyme could 
not be a haem compound, he had to explain why, in spite of this, 
the photochemical reaction spectrum of the carbon monoxide 
inhibited respiration was a haem spectrum. 

To do this he assumed that the light absorbing substance in 
respiring cells was not the oxygen transporting enzyme but 
cytochrome, which, acting as a photochemical sensitizer, trans- 
ported the light energy to the enzyme. If it were possible, said 
Keilin, to isolate the oxygen transporting enzyme and to 
determine the photochemical spectrum — which would, however, 
then be unnecessary — then it would bo permissible to relate the 
reaction spectrum to the oxygen transporting enzyme. But 
'unfortunately the effect of light can be studied only on cells 
already containing four other haematin compounds’. 

This was an objection which could be logically admitted 
although it \va8 unsupported experimentally and was only 
invented for purposes of argument. That cytochrome, which 
does not fluoresce, might act as a photochemical sensitizer w’as, 
however, extremely improbable. Moreover, in our model 
experiments J it was shown that only such light as is absorbed 
by the carbon monoxide compound causes dissociation of the 
carbon monoxide from the iron. In a mixture of haem and car- 
bon monoxide-haem, the light which is absorbed by the haem 
is photo chemically inactive. 

Then in 1932 Keilin ’s objection was experimentally refuted. 
The reaction spectrum was so accurately determined§ that any 

t H. A. Kreba, Zeitsohr. 193, 347 (1928); 204, 322 (1929). 

X 0. WarbiiTg and E. Negelein, ibid. 200, 414 (1928) [pp. 453, 458]. 

§ F. Kubowitz and E. Haas, ibid. 255, 247 (1932). 
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question of identity with the cytochrome spectrum was ex- 
cluded, whilst according to Keilin’s theory the reaction spec-^ 
trum should have been the cytochrome spectrum. ' 

7. Phenol oxidase 

In 1937 we isolated phenol oxidase, f tiic oxygen transporting 
enzyme of potato tubers, and found that it is a copper proteid 
which transports oxygen by virtue of the reaction cuprous ^ 
cupric. 

At once KeilinJ put forward the theory that the oxygen 
transporting enzyme of aerobic cells was a cop])cr ])roteid. In 
his view the function of the oxygen transporting enzyme as 
'cytochrome oxidase’, formerly obscure, now became under- 
standable, since cytochrome could be oxidized witli copper 
sulphate, but not with ferric sulphate. 

The first argument against Koilin’s copper theory was tliat 
the carbon monoxide inhibition of phenol oxidase is not sensi- 
tive to light, and that no light sensitive carbon monoxide- 
copper compounds had previously been found. Keilin invoked 
again in this case his sensitization theory of 1929. According 
to this, the light absorbing substance in respiring cells was 
cytochrome. The absorbed light energy was given u[) by the 
cytochrome to tlic oxygen transporting copper and its carbon 
monoxide compound so that dissociation of the carbon monoxide 
from the copper followed. 

This theory would only have been ol importance if Keilin had 
been able to support it experimentally, i.e. if he had been able to 
show that the carbon monoxide inhibition of phenol oxidase 
could be made light sensitive when haemin was added to the 
enzyme solution. Otherwise it was again only an objection 
devised for purposes of argument, an objection that was already 
obsolete in 1938, since it had been known six years previously 
that the reaction spectrum was not the cytochrome spectrum. 

Besides this, in 1938, not the whole of the cytochrome but 
only the arcomponeiit was supposed to act as an optical 

t E. Kubowitz, ibid. 292 , 221 (1937). 
f D. Keilin, Nature^ 141 , 870 (1938). 
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sensitizer, for it was only in cells which contained cytochrome a 
^hat the carbon monoxide inhibition of respiration was sup- 
posed to be light sensitive. In point of fact, however, acetic 
acid bacteria which contain no cytochrome a had been our 
main ’ material for the determination of the optical reaction 
spectrum. 

8. Cytochrome 

If one considers that we had either to answer Keilin’s ob- 
jections in continuous discussions, or stand aside and watch 
how all that had been explained by painstaking experimentation 
was in danger of being misunderstood, it can be readily appre- 
ciated how pleased we were when Keilin in 1939 became recon- 
ciled to the idea of the oxygen-transporting haem. He wrote in 
1939 that he had discovered by spectroscopic examination of 
heart muscle preparation a new autoxidizablo haem compound, 
the ferrous form of which reacted with carbon monoxide and 
the ferric form with cyanide, and the speotrum of which corre- 
sponded with the photochemical reaction spectrum of the carbon 
monoxide inhibited respiration. Probably the new haem 
compound, which received the name cytochrome Ug, was identi- 
cal with the haem of the oxygen transporting enzyme. f 

t D. Keilin and E. F. Hartree, Proc. Royal Soc. London, B 127, 167 (1939). 
Cf. also section 3, Chapter XIV. 
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COPPER, THE OXYGEN TRANSPORTING CON- 
STITUENT OE PHENOL OXIDASE 

Phenol oxidase is an oxidizing enzyme occurring in plants and 
capable of transporting molecular oxygen to phenols. Raper-f 
found that ortho -quinones are formed by its action. According 
to the conditions under which the oxidase reacts the o-quinones 
are further oxidized with formation of dark-coloured substances, 
or they are agaiii reduced back to phenols by the reducing 
substances in the cell. In vivo, the phenols are not substrates, 
but rather links in a chain of catalysts : 

O 2 oxidase ^ catechol -> o-quinone -> . . . substrat/C. 

The phenol oxidase is different from tlie oxygen trans])orting 
iron proteid in being soluble in water. It was tli ere fore possible 
to isolate the enzyme, and to study in stoichiometric ex])eri- 
ments how the enzyme transports oxygen and why it is inacti- 
vated by cyanide and by carbon monoxide. In this way, 
using the methods of analytical chemistry, what had been ])re- 
dicted w-as proved to be the case, namely, that the enzyme was 
a heavy metal compound, since it was inhibited by cyanide and 
carbon monoxide, and that it could not be an iron comjmund 
because the inhibition by carbon monoxide was not light 
sensitive. 

1. Isolation^ 

We isolated, phenol oxidase from potatoes in 1037 and found 
that it was a copper proteid containing about 0-2 })er cent, 
copper. 

For the success of this work two manonietric methods were 
required: a manometrio test to show that the extent of the 
action was proportional to the enzyme concentration, and a 
manonietric method of determining very small amounts of 
copper. 

t H. S. Raper, Ergebnisse der Enzymforschung, 1, 270 (1932). 
j F. Kubowitz, Bioch. ZeiUvhr. 292, 221 (1937); 299, 32 (1938). 
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Tests which depend on the determination of the oxidation 
^>roducts of the phenols are not trustworthy, since these pro- 
ducts bring about secondary oxidatiohs, and if they accumulate 
they destroy the enzyme. The substrate we used was the 
Robison ester, to a solution of which some specific dehydro- 
genase and a very small amount of catechol w^ere added. When 
wc introduced phenol oxidase into the mixture, the catechol 
was oxidized to o-quinone which, however, was immediately 
reduced back by the dihydro-pyridine nucleotide to catechol. 
Under these conditions the amount of oxygen taken up per 
minute was proportional to the concentration of phenol oxidase. 

In the mano metric copper determination,! fhe main com- 
partment of a manometric vessel contained alkaline pyrophos- 
phate solution, and the side tube acid cysteine solution and 
the enzyme, the copper content of which had to be deter- 
mined. The enzyme was decomposed by the acid in the tube 
to copper salt and denatured protein. When the contents of 
the side tube were allowed to run into the main compartment, 
the copper salt transported oxygen to the cysteine, and the 
rate of this reaction gave the co])per content of the enzyme 
preparation. The method is about 200 times more sensitive 
than the most accurate colorimetric copper determination, and 
it has the further advantage that ashing of the enzyme is not 
necessary. 

Using these two methods it was discovered that the activity 
of phenol oxidase is proportional to the copper content. When 
the activity is plotted graphically as a function of the copper 
content a straight line is obtained whiqh passes tlirough the 
axis. That is, for a copper content of zero, the activity is also 
zero (Fig. 27). 

2. Absorption spectrum 

Although phenol oxidase is a complex heavy metal compound, 
it has no characteristic absorption bands. Strong solutions 
have a pale yellow colour ; spectroscopic examination of these 

t 0. Warburg, Block. Zeitachr. 187, 255 (1927). Also section 9, Chapter V. 
The gas space in the manometer vessel should contain pure oxygen, not air. 
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reveals a protein band at 275 lup, hut no bands in the visible 
or in the long-wave ultra-violet region. 

> 

3. Decomposition and resynthesis 

When a solution of phenol oxidase is dialysed against v ater, 
the activity and the copper content remain constant. "Phe copper 



Fig. 27. {Specific activity and copper coiitcut of potato oxidase. 

is, therefore, so firmly bound that it cannot bo removed by 
dialysis against water. 

When the dialysis is carried out against N/lOO hydrogen 
cyanide, however, the copper dialyses out and the activity 
disappears with the copper. Cyanide therefore deconipose.s the 
enzyme into protein and copper salt. 

The protein remains in solution and is not denatured. When 
the hydrogen cyanide is removed by dialysis against water and 
copper sulphate is added to the solution, the full activity of the 
enzyme is regaineji, a^id the copper is again not removable by 
dialysis against water. The yield in the decomposition and 
resynthesis is about 100 per cent. 

Tn such experiments, which in other respects are simple to 
carry out, it is necessary to take care that the test solutions are 
as free as possible from traces ol copper impurities. If the pro- 
tein which is being tested amounts to 5 y, for example, the 
equivalent amount of copper is 0-01 y. This is roughly the 
amount of copper which must be removed from the test volume 
amounting to 3 c.C;. Otherwise, enzyme activity is always 
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found, even if the enzyme protein itself is completely copper 
4Vee. 


4. Mechanism of catalysis and anticatalysis 

When phenol oxidase is dialysed against solutions which are 
saturated with carbon monoxide, the copper content of the 
enzyme is not decreased. Carbon monoxide, therefore, does not 
inhibit the enzyme as cyanide does by splitting off the copper, 
but by combining with the enzyme. Further information about 
this combination is given by the following experiment : 

The gas space of a manometric vessel is filled with carbon 
monoxide and the main compartment contains a solution of 
phenol oxidase. One of the two side tubes of the vessel holds 
catechol, the other cyanide. 

Enzyme which is not in contact with the substrate does not 
take up any carbon monoxide. If, however, catechol is added 
from the side tube, carbon monoxide is taken up and to the 
extent of one molecule for every two atoms of copper. 

If cyanide is added from the side tube when the uptake of 
carbon monoxide has ceased, the carbon monoxide is again set 
free into the gas space. Thus it is proved that it is the copper 
of the enzyme which combines with the carbon monoxide, 
because hydrogen cyanide which is known to remove the 
copper frees the carbon monoxide from its combination. Also 
it is proved that it is monovalent copper in the enzyme which 
binds the carbon monoxide, because combination with carbon 
monoxide only takes place after the addition of catecliol. 

By means of this stoichiometric experiment the action of 
phenol oxidase and its inhibition by cyanide or carbon monoxide 
is shown to be due to the action of the copper. The enzyme 
reacts by virtue of the valency change cuprous ^ cupric. 
Cyanide inhibits the action because it splits off copper from the 
protein, carbon monoxide inhibits the action by combining with 
the monovalent copper. 

Since in the carbon monoxide compound of the enzyme we 
have one molecule of carbon monoxide combined , with two 
atoms of copper, it is probable that the reacting unit of the 
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enzyme contains two atoms of copper and that the e(j nation for 
the phenol oxidation is : 

1 (Cu *'+)2 + 1 catechol = 1 (Cu+),^ -f- 1 o-quinoiie -\- 2H+. 

5. Substrate 

In order to test whether one substance only is oxidized by 
the enzyme we added to the main compartment of a manometer 
vessel about 1 mg. of the substance to be tested dissolved in 
neutral phosphate. The gas space contained oxygen, tlie side 
tube a few y of the pure enzyme. When the enzyme was added 
at time (q to the substrate from the side tube, the absorption of 
oxygen usually started at once if the substance was oxidized, 
but in some cases only after an induction period. 

Catechol la oxidized most quickly of all substances. Pyro- 
gallol, 3 : 4-dihydroxyphcnylalanine, dihydroxycinnamic acid, 
protocatechu ie acid, tyrosine, are all oxidized about 1,000 times 
more slowly than catechol. After an induction period, phenol 
and ^-cresol are oxidized. Resorcinol, hydroquinone, and 
ascorbic acid are not oxidized at all. 

The induction period in the oxidation of monopheiiols 
observed by M. Graubart and J. M. Nelson,! witli crude 
enzyme solutions can be shortened by the addition of a very 
small amount of catechol. J Again, such substances as hydro- 
quinone and ascorbic acid, which do not appear to be oxidized 
izi the absence of catechol, are oxidized when small amounts of 
the latter are added. Resorcinol, however, even in the presence 
of catechol is not oxidized. 

Probably in the cfse of monophenols, o-diphenols are first 
formed by a slow reaction, and these then act catalytieally by 
virtue of the change diphenol quinone. Tt may be assumed 
that the same reversible change takes place when added cate- 
chol reacts catalytieally as in the case of hydroquinone or 
ascorbic acid. 

When crude plant extracts are used instead of the purified 
enzyme the phenomena are less marked because plant cells 

t M. ot-aubai’t and J. M. Nelson, Journ. biolog, Chem. Ill, 761 (1935). 

X C, E. Pugh, Bioeb. Journ. 24, 1442 (1930), 

olU N 
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contain substances, probably o-diphenols, which shorten the 
induction period. If, therefore, in the course of the isolation of 
the enzyme, oxidation reactions, which were shown by the crude 
extracts, disappear, it cannot be concluded that the crude 
extracts contain various phenol oxidases such as a mono- and a 
diphenol oxidase. 


6. Reactivity of the copper 

With catechol as substrate the rate at which the divalent 
copper in the enzyme reacts is 

cupric _ , ^ [cupric] X [catechol], 

dt 

and the rate at which the monovalent copper of the enzyme is 
reoxidized by molecular oxygen is 

- ^ ^ [cuprous] X [Oa], 


where kj.^^ and k^^ are the velocity constants of the reduction 
and oxidation. Expressing the concentrations in moles/litre 
we found at 25°“|‘ 

r 1 1 


^red = 0-59x108 


minutes 


moles catechol 
litre 


L, = 1-42x108 


1 


minutes 


moles Ov 


litre 


When the concentration of the catechol is high during the 
oxygen transport, the total copper of the enzyme is in the mono- 
valent form, and the rate of the transport is determined by k^^ 
and the oxygen concentration. On saturating the enzyme 
solution with oxygen at atmospheric pressure and at 25"^, with 
kf^^ = l‘42x 108 find, therefore, that the enzyme can trans- 
port a maximum of 

1-55X 10’^ c.mm. oxygen per minute and per mg. copper. 


f O. Warburg, Ergebnisse der Enzymforschung, 7, 210 (1938). 
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7. Combined action with other enzymes 

Wc have found that u-quinone reacts rapidly with diliydro' 
pyridine nucleotide according to the equation * 

o-quirione -f dihydropyridino nucleotide 

= catechol-t-pyridine nucleotide. 

When, therefore, phenol oxidase and catechol are added to a 
pyridine proteid and its specific substrate, we obtain an enzyme 
system in which, on balance, the molecular oxygen oxidizes the 
specific substrate, e.g. 

Og cuprous cupric -> catechol -> o-quinone 

^ Robison ester 
alcohol 

dihydropyridine ^ pyridine 

lactic acid 
\ etc. 

Such combined enzyme systems are ‘oxidases' which are in- 
hibited by cyanide and carbori monoxide, but the carbon 
monoxide inhibition is not, however, light sensitive. 

8. Relationship with the haemocyanins 

If the oxygen transporting blood pigments have developed 
from the oxygen transporting enzymes, tiien the haemocyanins 
have been evolved from the oxygen transporting co])per pro- 
teids and should therefore be related chemically. A comparison 
would support such a conception. 

According to Hernler and Philippi f the liaemocyariins have 
the following copper, contents: 


Haemocyanin from Helix pomatia . . . O' 245% 

Haernocyanin from Loligo pealei (Squid) . . 0 26% 

Haemocyanin from Limulus poIyphemus . . O' 173% 

Haemocyanin from Homai'us americanus . . 0187% 

Haemocyanin from Dromia vulgaris . . . 0T7% 


The copper content of phenol oxidase (0-2 per cent.) lies within 
these values. 

Further confirmation is met with in the ratio carbon mon- 

t F. Hernler and E. Philippi, Zeitschr.f. phyaiologische Chem. 2 16, 1 10 { 1933). 
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oxide : copper. K. W. Rootf found for the carbon monoxide 
iiaemocyanins the ratio CO:Cu — 1:2. We found the same 
raiio for the carbon monoxide compound of phenol oxidase. { 
It should be noted that this ratio is not perhaps generally 
applicable for the carbon monoxide compounds of copper. In 
the carbon monoxide compound of cuprous chloride , for 
example, the ratio CO:Cu = 1:1. 

The most essential point of confirmation, however, is that the 
method of splitting and resynthesizing the enzyme can be 
applied with the same success to the haemocyanins. The haemo- 
cyanins are split up by dialysis against hydrogen cyanide into 
copper salt and protein and they can be resynthesized by uniting 
the two parts. Erom this similarity in behaviour it must be 
concluded that the copper in the haemocyanins is combined 
in the same way as in the enzyme. Nevertheless the two classes 
of substances, in accordance with their function, show a differ- 
ent behaviour towards oxygen. The monovalent copper of the 
haemocyanins takes up molecular oxygen but is not oxidized 
by it to divalent copper, whilst the monovalent copper of the 
enzyme is oxidized. The absorption spectra of the two sub- 
stances, on saturating their solutions with oxygen, are therefore 
different. The oxygen compounds of the univalent copper of 
the haemocyanins are blue and have characteristic absorption 
bands. The cupric derivatives of the enzyme are yellowish in 
colour and have no characteristic bands. 

9. Other oxygen transporting copper proteids 

‘Polyphenol oxidase, purification, nature and properties’ is 
the title of a later publication by Keilin and Mann.§ In this pub- 
lication, they proved that phenol oxidase is a copper proteid. 
Instead of potatoes they used mushrooms as the starting material . 
Their statement that the mushroom oxidase is 300 times more 
active than that of the potato was due to an error in calcula- 
tion. Both copper proteids have about the same activity. 

t R. w. Root, Joum. Uolog. Chem. 104, 239 (1934). 

J F. Kubowitz, Bioch. Zeitschr. 299, 32 (1938). 

§ D. Keilin and T. Mann, Proc, Eoyal Soc, London, B 125, 187 (1938). 
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The phenol oxidase from the latex of Rhus succedanea is also 
a copper proteid as Keilin and MannI showed in 1939. Bert-^ 
rand named this oxidase, laccase in 1804. This copper proteid 
is different from the phenol oxidase of the jwtato and the 
mushroom in having a blue colour and in being iininliibited by 
carbon monoxide. It is probable that the blue laecase is a 
non-dissociating compound of oxygen with the monovalent 
copper present. 

Lovett-Janison and NelsonJ isolated another oxygen trans- 
porting copper proteid in 1940 from pumpkin seed. It contains 
0*15 per cent, copper and is a specillc ascorbic acid oxidase. 

If I am correct in my opinion that the haemocyanins have 
been evolved from oxygen transporting enzymes, then animal 
cells should also have enzymes which are capable of transporting 
oxygen by means of copper. In the future a look-out should be 
kept for animal cells the carbon monoxide inhibited respiration 
of which is only partly light sensitive. A respiration juirtly non- 
light sensitive w^ould indicate that copper proteids are involved. 

t R. Keilin and T. Mann, Nature, 143, 23 (1939). 

X P. L, Lovett- Janison and J. M. Nelson, Journ, Amer, Chem-. Soc. 62, 1409 
(1940). 
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T^B ABSORPTION SPECTRUM ''OF A FERMENTING 
ENZYME EVOLVING HYDROGEN 

( 

Since butyric acid fermentation! 

- CJl.O, + 2CO, + 2 H 2 

is, as W. Kempncr found, inhibited by carbon monoxide, and 
since this inhibition is light sensitive, butyric acid bacteria 
must contain an enzyme which reacts reversibly with carbon 
monoxide and has a reacting group containing iron 
Fe + CO ^ FeCO. 

We have determined the absorption spectrum of this en- 
zyme — ‘ wasserstoffentwickelnden Garungsferment ’—using the 
photochemical method. Surviving butyric acid bacteria, the 
fermenting action of which had been inhibited by carbon 
monoxide, were exposed to monochromatic light of known 
intensity. The spectrum of the carbon monoxide compound was 
determined from the increase in fermentation on exposure. 
Any confusion with the respiration inhibiting action of the 
carbon monoxide was excluded since the anaerobically cultured 
bacteria have no oxygen transporting iron, and, moreover, all 
fermentation determinations were made under conditions of 
oxygen exclusion. 

The mathematical theory is very simple in this case on 
account of the conditions being anaerobic. The model is the 
formation and dissociation of the carbon monoxide haemo- 
chromogen the equations for which have previously been 
worked out.f Technically, however, there were difficulties in 
obtaining the intensities of monochromatic light necessary for 
the decomposition of the carbon monoxide compound of the 
enzyme because the carbon monoxide inhibition of butyric acid 
fermentation is a hundred times less sensitive to light than the 
carbon monoxide inhibition of respiration. 

t Section 12, Chapter IX. W. Kempner, Bioch. Zeitschr. 257, 41 (1933); 
W. Kempner and F. Kubowitz, ibid. 265, 245 (1933) ; F. Kubowitz, ibid. 274, 
285 (1934). t Section 6, Chapter XI. 
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1 . Dark equilibrium 

When the butyric acid fermentation is determined at different 
partial pressures of carhop monoxide it is found that the quantity 
residual fermentation 

inhibited fermentafe monoxide pressnr^ 


■K. 


is constant. Let le be the iron of the enzyme reacting with car- 
bon monoxide and Pqq the partial pressure of carbon monoxide, 

then at equilibrium -nx 

^ ^co 

FeCO 

The equilibrium constant K depends on the H ion concentra- 
tion and the temperature. At 8° and pH 6-6 it has the value 
1*5 X 10“^ [atmos.]. 

Therefore at a carbon monoxide pressure of 0-015 atmos., 
half of the iron of the enzyme is combined with carbon mon- 
oxide and the butyric fermentation is therefore half inhibited. 


2. Light sensitivityf 

When butyric acid bacteria, the fermenting action of which 
has been inhibited by carbon monoxide, are exposed to light the 
equilibrium constant K is increased from the dark value to 
the light value Kj^ which is determined by the intensity and the 
wave-length of the light. The question as to how this difference 
between the two equilibrium constants, = AK, is 

dependent on the light intensity is answered in the following 
series of experiments carried out at 8° and pH 6*6. White light 
from a carbon arc which had the ultra-violet and heat radiation 
filtered out was used. 

t 


Light intemiiy 

r c^i. j 

Equilibrium 
Corcstant K 

[Atmos.] 


1 1 AK 

1 

, fcm.* minutes] 

Lem,* minutesJ 

i cal. J 

0 

1-55x10-* 

1 


2-79x10-* 

Kj, = 2-37x10-* 

0-532 

19 

6-73x10-* 

= 3-GOxlO-* 

1-33 

20 

17-20x10-* 

Kf^= 7-18x10 * 

3-64 

21 


t Section 1, Chapter XIII. 
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When, therefore, the light intensity i' was varied within a 
AK 

factor of 6, — only changed about 10 per cent. This means that 

AK was very nearly proportional to the light intensity. 

On the basis of this result we can express L, the light sensitivity 
of the carbon monoxide compound of the enzyme as 


where i is the quantum intensity of the light. 

At 8°, for wave-lengths 436 inp and 546 mp we obtained the 
following values: 


L 


4S6 


2-6xl0« 


cm.^ minutes' 
mole quanta 


0-88x106 


em.-^ minutes 


mole quanta 

whilst at 10° the light sensitivity of the carbon monoxide 
compound of the oxygen transporting enzyme of yeast amounted 


to 


^436= 7-6x108 


cm.^ minutes 


mole quanta 


cm.^ minutes' 
mole quanta J ‘ 

At 546 mp the oxygen transporting enzyme is therefore 83 
times, and at 436 mp., 290 times more sensitive than the hydro- 
gen evolving enzyme of butyric acid bacteria, the temperature 
in both cases being about the same. 


0-73x108 


3. Relative absorption spectrum 

Tf butyric acid bacteria, the respiration of which is inhibited 
by carbon monoxide, are exposed to light of wave-lengths and 
Ag, and the corresponding light sensitivities are L-^ and then 
by applying equation (10) of Chapter XIII we obtain 
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and if we assume that the photochemical yield is the same for all 
regions of the spectrum, i.e. = <f)^ then: 


4 A' 


( 1 ) 


Using this equation Kempner and Kubowitz dctermified in 
1933 the relative absorption spectrum of the carbon monoxide 
compound of the enzyme. Later on, Kubowitz, using a stronger 
mercury lamp (220 volt, 22 amp., without a vacuum) obtained 
the following rather more accurate values: 


Li^ht somc.e, 

Wave-Un^th 

[mjii] 

A 

Merniiry lamp 

366 

2‘6 


385 

1-95 


405 

1-70 


436 

1-no 


40.5 

0-606 


546 

0-27 


578 

0-19 

Carbon arc 

650 

0-038 


The enzyme therefore showed absorption over the whole of 
the spectrum examined, the absorption being greater the shorter 
the wave-length . The spectrum appears as tb oiigh it were leading 
up to a band in the ultra-violet, although it may be that the num- 
ber of wave-lengths used was inadequate. 


4, Dark dissociation constant 

When butyric acid bacteria, the respiration of which has been 
inhibited by carbon monoxide, are exposed to light and then the 
light is cut off, the dark dissociation constant of the hydrogen 
forming enzyme can Tbc determined from the rate at which the 
dark equilibrium is attained from the light equilibrium. For the 
calculation equation (38) of Chapter XI is used, the uninhibited 
respiration Aq being merely replaced by the uninhibited fermen- 
tation trjj, 
light to dark: 

t 

GoUdt= G„n^t+G, ( 2 ) 

0 



186 ENZYME EVOLVING HYDROGEN [Ch. XVI^:|, § 4 

On exposure to strong white light of undetermined intensity 
at 8° and at pH 6*05 in M/20 phosphate containing 1 per cent, 
glpcose we found Gq = 2*35 mm. per minute; 0*377; 0-797. 

On darkening and determining the fermentation at intervals of 

t 

2 mid'., the summations OQ^ndt were obtained. Thus all the 
0 

quantities in equation (2) were known with the exception of 
(cuj^+p) which was then obtained by test. We found: 


t after darkening 
[minutes] 

t 

Gg j n dt 

0 

[mm.] 

(o^d+p) 

f ' 1 

LminutesJ 

2 

3-14 

0-40 

4 

5' 63 

0-40 

6 

7-73 

0-38 

8 

9*73 

0-35 

10 

11-61 

0-35 



Mean 0-38 


If wc multiply this value for with we obtain in 

accordance with equation (12) of Chapter XI the dark dissocia- 
tion constant: 

= 0*377 X 0*38 = 0*143 — \ — . 

= 0-143 signifies that in the dark at 8°, 14*3 per cent, of the 
TeCO compound present dissociates per minute into Fe and CO. 

at 10° for the oxygen transporting enzyme of yeast was about 
three times greater. We therefore had to expose and darken 
several times in the determination of the yeast enzyme, 
whilst in this case the reversal to the dark equilibrium proceeded 
so slowly that a single darkening was sufficient for the determina- 
tion. The photochemical determination of the spectrum of the 
fermentation enzyme was easier, not only theoretically but also 
experimentally, than that of the oxygen transporting enzyme. 

5. Molar absorption spectrum 

Butyric acid bacteria, the fermenting action of which had 
been inhibited by carbon monoxide were exposed at 8° to light of 
measured intensity and wave-length 436 mp.. The fermentation 
thereby increased from — 0*337 to = 0*453. The light 
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intensity i producing this light value amounted to 


3-18x10- 


mole quanta 


[cm.2 minutesj ’ 

From these data we obtained the light sensitivity L for wave- 
length 436 mp, and at a temperature of 8°: * 


L 


436 


1 ^ 


= 2xl0« 


cm.2 minutes 
mole quanta 


The dark dissociation constant determined for the same 
bacterial suspension and under the same external conditions was 
found to be 0-143. 

On applying equation (10), Chapter XIII, 


and, with (j) ^ I, 



0-143 


2x10® 

i 


2-86x105 


cm. 2 

gram atoms 



Using this value for jS to convert the relative into the molar 
absorption spectrum we obtain: ' 


Wave-length 

[m^l] 

[■ cm.2 *] 

Lgram atoms ironj 

366 ‘ 

7'4 xlO^ 

385 

5-6 Xl05 

405 

4-9 xl0= 

436 

2-86 X 10= 

495 

1-7 Xl0= 

546 

0-77x10= 

578 

0-54 X 10= 

650 

0-11 X 10= 


These figures arc used to plot the absorption spectrum in 
Fig. 28. 


6. The chemical combination of the iron 

From the shape of the absorption spectrum and also from the 
magnitude of the molar absorption coefficients it follows that 
the hydrogen forming fermentation enzyme cannot be a haem 
compound. The carbon monoxide haemochromogens have their 
main absorption bands in the blue region, and the molar light 
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absorption coefficients are of the order of 10®, whilst in the case 
^of the hydrogen forming fermentation enzyme we found values 
of .the order of 10^ ^ 

In so far as the magnitude of the light absorption coefficients 
is confferned, the SH-complexes of iron are more closely related 



Ftg. 28. Molar absorption spectrum of the carbon monoxide compound of 
the hydrogen evolving fermentation enzyme calculated for = 1. 


to the fermentation enzyme. For example, for these compounds 
we found 

Carbon monoxide compound of ferrous cysteine == x 10^ 

M „ „ ferrous thiolactic acid = 7-6x10^ 

>1 » ferrous glutathione = 14'0xl0®. 


In Spite of this, however, the enzyme cannot be an iron-sulphur 
compound, since the iron in these sulphur compounds reacts with 
two molecules of carbon monoxide. In their equilibrium con- 
stant the square of the carbon monoxide pressure is involved, 

Fe(^?cql^ _ 

whilst in the equilibrium constant for the carbon monoxide 
compound of the enzyme the carbon monoxide pressure has the 
index 11* 

Fe^^ 

FeCO 


t W. Cremer, Bioch. Zeitschr. 206, 228 (1929) ; F. Kubowitz, ebid. 282, 
277 (1935). J Section 1 of this chapter. 
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7. Mechanism of the action of iron 
As with the nature of combination of the iron, the reaction' 
mechanism of the iron iA the hj^drogen forming fermentation 
enzyme is also unknown. Till recently there seemed to be little 
doubt that the iron reacted by virtue of a valency change. Since, 
however, a heavy metal catalysis has been discovered in yeast 
fermentationf which is not dependent on a valency change of 
the heavy metal, it is not now possible to express any view on the 
reaction mechanism of the iron in the hydrogen forming enzyme. 

Finally it should be mentioned that among the Brcdig enzyme 
models J there is one for the hydrogen forming fermentation 
enzyme, namely, finely divided rhodium, which decomposes 
formic acid according to the equation 

HCOOH - + CO,. 

f Chapter XIX. 

I Th. Blackadder, Zeitschr.f. 'pkys-ikaliache, Chemie, 81 , 385 (1913), 



CHAPTER XIX 


HEAVY METALS AND YEAS't FERMENTATION 

N/ 100^ hydrogen cyanide inhibits fermentation by living yeast, 
whilst the narcotic inhibition appears only when the concentra- 
tion of the cyanide is about twice normal. Heavy metals 
therefore, as was recognized in 19 2/5, 1 are concerned in yeast 
fermentation. Only the separation and isolation of the fermen- 
tation enzyme, however, has made it possible to investigate 
which part of the fermentation involves the action of heavy 
metals. 

Enolase and phosphate transporting enzymes, which are acti- 
vated by magnesium salts, can also be activated by zinc and 
manganese salts. If, however, zinc and manganese salts in the 
yeast cells are combined with substances forming complexes 
with heavy metals, enolase and phosphate transporting 
enzymes are not inhibited since yeast cells contain more than 
sufficient magnesium salts. 

There is, however, a fermentation enzyme, zymohexase, 
which is activated by heavy metal salts but not by magnesium 
salts. Zymohexase splits hexose diphosphate into triose phos- 
phate. If the heavy metal salts of yeast cells arc combined with 
substances forming heavy metal complexes the zymohexase 
should be inhibited. This being so it seems likely that it is the 
inactivation of zymohexase which is involved in the inhibition 
of yeast fermentation by substances forming complexes with 
heavy metals. 

1. Method 

When zymohexase splits hexose diphosphate into triose 
phosphate the equation for the reaction is 4 

1 hexose diphosphate 

^ 1 aldotriose phosphate + 1 ketotriose phosphate. (1) 

f 0. Warburg, KaUxlytische Wirkungen der lebendigen Suhatanz, Berlin, 1928 
(p. 11); Bioch. Zeitachr. 165, 196 (1925); Zuckorkandl and Messimer-Kleber- 
mann, ibid. 261, 55 (1933), 

t 0. Meyerhof and K. Lohmann, ibid. 271, 102 (1934). 
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If the solution in which tliis reaction takes |jlaeo contains, in 
addition to the oxidizing fermentation enzyme, [lyridine nucleo- • 
tide and arsenic acid, thetrevcrsihle reaction (1) is followed hy 
the irreversible reaction ;f 

1 aldotriose phosphate + 1 pyridine nucleotide + 1 B.,0 
= 1 phosphoglyceric acid + 1 dihydropyritline nucleotide. (2) 
Since of all the components in reactions (1) and (2), only the 



dihydropyridine nucleotide absorbs in the long-wave ultra-violet 
region, a light absorption takes place in this region as liexose 
diphosphate is decomposed. This can be measured photo- 
electrically. The facts described below were discovered by 
means of this ‘opticaVtest’.f 

2. Behaviour of zymohexase towards complex -forming 
substances and heavy metal salts 

Yeast zymohexase is inhibited by complex-forming sub- 
stances of different chemical composition, for example, by 
cysteine, a-^x'-dipyridyl, and pyrophosphate. The addition of 
salts of zinc, iron, or cobalt, prevents the inhibition or abolishes 

t 0. Warburg and W. Christian, ibid. 311, 209 (1942); 314, 149, 399 (1943). 
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it if it lias already taken place. According to a principlef to 
which there have been no exceptions since 1923, it follows that 
y^ast zymoliexase is a dissociating heavy metal compound. 

There is no contradiction of this view in that yeast zymo- 
hexa.4e usually reacts even although heavy metal salts have not 
been added to the test solutions, This is because the small 
amounts of heavy metal which are present as impurities are 
always more than sufficient to saturate the enzyme protein with 
metaL If the equivalent weight of zymohexasc is 100,000 g. 
and 1 c.c. of the test solution contains 10 y enzyme protein, 
0*006 y of zinc or iron is sufficient to activate the protein of 
zymoliexase in I c.c. Wilhelm Liittgens found in 1 c.c. of our 
test solution 0-15 y zinc and 0*35 y iron as impurity. 

If it is desirable under these conditions to remove heavy metal 
salts from a test solution so that the enzyme dissociates into 
protein and metal salt, the only method available is to add a 
complex -forming substance. When the enzyme is inactivated 
in this way it can be reactivated by the addition of metal salts in 
amounts great in comparison with the enzyme protein, but small 
in comparison with the amount of complex forming substance. 

3. Cysteine and zinc salts 

In our test solutions M/50 cysteine inhibited the zymohexase 
very strongly at neutral reaction. The activity of the enzyme 
was restored partly on adding M/50,000 zinc sulphate and 
completely by M/5,000 zinc sulphate (Fig. 30). 

In view of what follows it is to be emphasized that the activa- 
tion by zinc salts is independent of the oxygen pressure. If the 
added zinc salt is sufficient to convert the total enzyme protein 
into zinc zymohexase, the enzyme action is the same whether 
the test solution is saturated with argon or with oxygen. 

4. Cysteine and iron salts 

As with zinc sulphate the zymohexase inhibited by cysteine 

t 0. Warburg and S. Sakuma, Pfliigere Ardiiv, 200, 203 (1923) ; S. Sakuma, 
Bioch. Zdtachr. 142, 68 (1923). For the applications of our principle, cf. for 
example J. Beyer and M, J. Joluison, Journ. biolog. Chem. 130, 641, 655 
(1939); E. Maachmann, Ergebnisse, 9, 155 (1943), 
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can be reactivated by iron salts. Tins activation is, however, 
dependent on the oxygen pressure. The greater the oxygen , 
concentration the smaller is the activation by iron salts. The 
extent ot the activation is greatest in the absence of oxygen, 
and is almost zero with oxygen at atmospheric pressure. If 
the enzyme is inhibited by cysteine and activated by iron salts 



Fig, 30. Inhibition of yeast zymohexaae and activation by 
zinc sulphate. 


it is possible by changing over from anaerobic to aerobic con- 
ditions to cause the activity of tlie zymoliexase to disap [)ear 
(Fig. 31). 

It follows from this that it is the divalent and not the tri- 
vaient iron which activates the zymohexase. In a cysteine 
solution which is free from oxygen the iron is present in the 
ferrous state, whilst on saturation with oxygen at atmospheric 
pressure, almost all the iron is present in the ferric state. Also 
the reactions brought about by both the valency changes, i.e. the 
reduction of the ferric cysteine by excess of cysteine and the 
oxidation of the ferrous cysteine by molecular oxygen, are fast. 

The suspicion naturally arises that the key to the solution of 
the Pasteur reaction is to be found here. The Pasteur reaction 


61 U 


o 
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may be nothing other than the oxidation of a complex ferrous 
compound in the fermenting cell. However, it is. necessary 
to postpone consideration of this theory till it has been ex- 
plained why animal zymohexase behaves differently from yeast 
zymohexase. 



Fig. 31. Inhibition of yeast zymohexase by cysteine and reactivation by 
iron salts. Influence of oxygen on the reactivation. 


5. Cysteine and cobalt salts 

Zymohexase inhibited by cysteine can also be activated by 
cobalt sulphate. It is necessary, however, to remove the 
oxygen from the solutions before adding che cobalt. Cobalt o us 
cysteine is oxidized rapidly by oxygen to cobaltic cysteine, 
whilst cobaltic cysteine in contrast to ferric cysteine, is only 
slowly reduced by excess cysteine to the cobaltous salt. When, 
therefore, the divalent cobalt has been oxidized to the tri valent 
state it takes a long time after exclusion of the oxygen till the 
divalent cobalt is formed and the action of the zymohexase 
again begins. Thus iron zymohexase and cobalt zymohexase 
differ considerably from one another. On changing from aerobic 
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to anaerobic conditions only iron zynioliexase reacts as (juickly 
as fermentation takes place in the celt 

6. a-a'-Dipyridyl 

a-a'-Bipyridyl and o-phenanthroliiie combine witli^ lieavy 
metal salts to give complex compounds. The best known of 
these are the ferrous complexes, distinguished by their red 
colours. They are more stable in acid than in neutral solution, 
and although ferrous compounds, they are not autoxidizable. 

Wc found that yeast zymohexase was inhibited by oc-a- 
dipyridyl. As was expected from the above, the iiihibition was 
greater in acid than in neutral solution, and the oxygen pressure 
had no effect on the inhibition. 

For example, at 20° we found : 


pll 7-4 


[Dipyridyl] 

fiiiolel 

L litre J 

Inhibition 

% 

Remlual activity 
— ,-r.v,,. ^ x[D<Plin<hjlY 

^Inh ‘b'ltion 

Ksn 

L07xl0'=* 




3-2 xiir^ 

38 

16-7x10-' 


10-7 xIO'^ 

89 

14-4x10-' 



pll 6 4 


[Dipyridyl] 

rmolfil 

Inhihiiion 

BettidiHil actioitij 

-X[I>ipyridyl]^ 

InhwUwn 

L litre J 

% 

LI litre/ . 

} 

0-3>?10-“ 

r 25 

0-27 X 10- 

6 

l-0xl0-» 

77 

0-30x10- 

fl 

3-Ox 10-3 

94 

(0-58x10- 

T 


From the table it can be seen that the expression 


residual a^vity ^ jylja 

inhibited activity 

is almost constant at a given pH, and is greater at pH 7’4 than 
at pH 64. The dipyridyl concentrations producing half 
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inhibition of the zymohexase were : 

at pH 7-4: V(15x 10-«) = 3-9 X 10** 

" j litre 

. at pH 6-4: J{0-28x lO-®) = 0-53x10-3 


i.e. at pH 6*4 dipyridyl is seven times more active than at 



Fig. 32. Inhibition of yeast zymohexase by phenanthroJine and 
reactivation by zinc sulphate. pH 7-4, 20". 


pH 7*4. o-Phenanthroline behaves similarly to dipyridyl in 
inhibiting yeast zymohexase. 

When zymohexase had been inhibited by dipyridyl or phenan- 
throline, the activity could be restored by zinc sulphate (Pig. 32). 

r 

7. Pyrophosphate 


Yeast zymohexase is inhibited by pyrophosphate. Por 
example, at pH 74 and 20°: 



In ih& 1st mimite 
after adding enzyme 

In the 5th minute 
after adding enzyme 


Inhibition 

Inhibition 

In M/ 1,000 pyrophosphate 

0 

22% 

„ M/300 „ 1 

21% 

67% 

„ M/100 

58% 

88% 
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The inhibition thus increased with time as is characteristic of 
ii-reversible inhibitions. 

That the inhibition's really associated with irreversible 
changes is proved by the behaviour of zinc sulphate. When a 
small amount of zinc sulijhate was added to the pyrophf^sphatc 
before introduction of the enzyme, there was no inhibition. 
When, however, the zinc sulphate was added after tlie pyro- 
phosphate inhibition was complete, i.c. after about five minutes, 
there was no reversal of effect. 

8. The mechanism of the action of the metal salts 

The most that can be said about this is that the action of the 
metal salts is dilferent from that taking place in the oxygen 
transport by the iron and copjier of oxygen transporting 
enzymes. The m*echanism of such oxygen transport involves 
the valency change of the heavy metal. Since, however, zinc, 
which cannot change its valency, is included amongst those 
metals which activate zymohexase, a valency change mechanism 
is excluded for zymohexase even in the case of iron and cobalt 
salts. 

A further fundamental difference is the low s])ecifi<-ity as 
regards the heavy metal. There are at least three heavy metals 
the salts of which activate zymohexase ; these are zinc, iron, and 
cobalt. In the case of the oxygon transporting enzymes, no 
metal can replace any other. 

9. Muscle zymohexase 

Muscle zymohexase which we obtained crystalline from rat 
muscle, is not inhibited by substances forming complexes with 
heavy metals. Neither cysteine, nor a-a'-dipyridyl, nor pyro- 
phosphate has any inhibitory effect, and the uninhibited action 
of muscle zymohexase in solutions containing complex-form- 
ing substances is not increased by addition of metal salts. The 
zymohexase isolated from yeast cells and that from muscle there- 
fore behave towards complex-forming substances, at any rate 
in vitro, in quite a different manner. (Cf. the work of Uvstedtf 
t H. J. Uvstedt, Bioch. Zdtschr. 265, 154 (1933). 
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Kig. 33. Non -inhibit! on of muscle zymohexafio by dipyridyl (20", pH 6-4). 
Line: no dipyridyl. Crosses: 10“^ M clipyridyl. 



Fig. 34. Muscle zymohexose from ammonium sulphate. 

and von Zuckerkandlj on the inhibition of the total fermenta- 
tion by phenanthroline. 

This discovery that two enzymes possessing the same chemical 
action behave so differently towards complex -forming sub- 

I F. Zuokerkandl, W. Fleischmarm, and G. Drucker, Bioch. Zeitschr. 271, 
435 (1934). 
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stances appeared so remarkable that we thoiiglit it worth wliile 
to see if the effect was due to the presence of substances, or even, 
enzymes, closely associated with the zymohexase. If tliis wre 
so, the difference in the behaviour \vould disappear wlien the 
purified zymohexases were used. But tlie muscle zymofJexase, 
whether pure or in crude muscle extracts, was uninhibited by 
complex-forming substances (Fig. 33), and tlie yeast zyino- 
hexase, both in the pure state and in crude extracts, remained 
inhibited, in mixtures of the t^vo purified zymohexases, the 
muscle zymohexase was uninhibited, whilst yeast zynio- 
hexase in the mixture Avas inhibited to exactly tlie same degree 
as in the absence of the muscle eiizyme. 

Further, chemical analysis of the two zyniohcxaKes (only the 
muscle substance lias as yet been obtained crystalline (Fig. 34)) 
revealed no difference. Taking cverytliing into considerafion, [ 
feel as Mitscherlich did one hundred years ago when lie was 
puzzled over the action of hydrogen cyanide :f 1 think the 
phenomenon is very puzzling and I attach much im]oortancc to 
the explanation. 


I Cf. section 1, Chapter III. 



CHAPTER XX 


PHOTOCHEMICAL REDUCTIO'N OF QUINONE IN 
GREEN CELLS ANT) GRANULES 

This work, carried out in collaboration with Wilhelm Luttgens 
in 1944-5, has been published in Bcrichle der Moska'iier 
Academic der W issenschajten, 

Whex dried green leaves are ground up with water and exposed 
to light, oxygen is evolved, as Molischf found in 1925 using the 
‘ Leuehtbakterien ’ method. The experiment has been repeated 
and verified frequently. No loss of carbon dioxide is observed. 
The oxygen must therefore be produced from a substance 
other than carbon dioxide. 

In 1939 Robert Hill| replaced the method employing bac- 
teria by a quantitative method. He added haemoglobin to the 
leaf material, and when the oxygen was produced on exposure 
to light, oxyhaemoglobin was formed and the amount could be 
determined by an optical method. Using this technique, Hill 
discovered that isolated chloroplasts on exposure to light 
reduced certain ferric salts, in particular, ferric oxalatr, wuth 
evolution of oxygen. Now it 'was known that ferric oxalate 
could be reduced in light to ferrous oxalate and carbon dioxide. 
The latter might then be responsible for the oxygen. But Hill 
was able to exclude such a mechanism. 

The experiments described in the following may be considered 
as an extension of those of Molisch and Hill. They were under- 
taken with a view to separating the photo chemically active 
system of green cells from their structure. This has been success- 
ful in as far as we found that neither the cell structure nor the 
chloroplast structure were necessary for the photochemical 
formation of oxygen. But we have not been able to obtain the 
photochemically active system in solution. The photo -reaction 
is, however, still susceptible to narcotics as in vivo, and is 
therefore a surface reaction. 

t Molisch, Zeitschrift fiir Botanik, 17, .577 (192.5). 
t Robert Hill, Proc. Royal Soc, B 127, 192 (1939). 
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1. Discovery of the quinone reductionf 

When a suspension of surviving Ciilorella is shaken in a, 
manometer vessel oont^ning potash, a negative ])ressur'» is 
developed owing to the respiration of oxygen. On ex])osurc to 
light, the reduction in pressure becomes less on account* of the 
evolution of oxygen from the respiratory carbon dioxide, and 
under sufficiently strong illumination the reduction in juessure 
becomes zero. This is not of course a method of determining 
the photochemical yield, but it is a simple and sensitive method 
for showing whether oxygen is developed on exposure to light. 

If, in the same way, respiring press juice from s])inac]i leaves or 
sugar beet leaves is exposed to light and tlioii darkened the ])res- 
sure reductions are the same both in the light and in tlie dark. 
This means that in the press juices exposed to light no oxygeji is 
formed from the respiratory carbon dioxide — a result which has 
always surprised us and wffiich we have verified many times. 

We were, moreover, disturbed to find that the oxygen uptake 
of the press juice in the dark decreased with time, and at an 
irregular rate. With a view to preventing this decrease we 
added several substances, among others, catechol and hydro- 
quinone. Actually these substances stabilized the oxygen 
uptake in the dark by being oxidized in the press juice to 
quinones. On exposing the mixture to light it was seen that a 
photo -reaction was taking place. The oxygen requirement 
became smaller in the light and even changed over with 
sufficiently strong illumination to a production of oxygen. 

We thus discovered that on illumination quinones are reduced 
by green press juice with oxygen evolution according to the eqiia- 

tion 2 quinone + 2 H 2 O ^ 2 hydroquinone -f Og. 

Naphthoquinones, for example, naphthoquinone sulplionic 
acid, are likewise reduced with evolution of oxygen. Unfor- 
tunately we have not been able to try naturally occurring naph- 
thoquinones such as 2-methyl-3-phytyM: 4-naphthoquinone 
(vitamin Kj). 

t Tnv&fce communication, of. 0. Warburj^ and W. Liittgens, Die Natur- 
mssensekaften, April-June and October, 1944, 
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2. Oxygen requirement of green leaf extract 

Spinach leaves or sugar beet leaves were put through a 
mincing machine and then pressed through cloth. By centri- 
fuging for a short time at a speed corresponding to 1,200 
times gravity, cells and un dissolved salts were removed froTu 
the press juice. Tlie dark-green liquid containing a suspension 
of intact ch loro p lasts and granules derived from them is re- 
ferred to in the following as ‘green extract’. The pH of the 
extract was about 6-5. When the green extract was shaken with 
air, the oxygen uptake decreased with time and was inhibited 
by a mixture of SO per cent, carbon monoxide and 20 per cent, 
oxygen by volume to the extent of 50 per cent. Light had no 
effect on the inhibition. In view of this inhibition by carbon 
monoxide and its insensitivity to light, it can be concluded that 
oxygen is being transported by the copper f oi' a phenol oxidase 
in the extract. This is in agreement with the fact that the 
oxygen uptake is increased by catechol. The oxygen require- 
ment, even when increased by the addition of catechol, still 
decreased with time. In order to prevent this decrease we 
added with the catechol a large amount of iiydroqunione which 
is not oxidized by the phenol oxidase, and which by itself did 
not increase the oxygen uptake. With hydroquinono and 
catechol the reaction is : 

2Cu++ -h catechol — 2Cu+ -j~ orthoquinone + 2H+ 
orthoquinone -}- hydroquinonc = catechol -f- j^-quinone, 
so that the catechol is no longer the only catalyst, and the end 
product of the oxidation, instead of being poisonous o- quin one 
and its oxidation products, is the Icss-poisbnous hydroquinone. 

Actually if relatively large amounts of hydroquinone and a 
little catechol are added to the green extracts there is obtained 
an oxygen uptake which remains constant until all the hydro- 
quinone has been oxidized to qiiinone. 

In the three experiments which are illustrated in Fig, 35, 
the oxygen uptake and the carbon dioxide formation were 
determined and found to be : 

t 0. Warburg, Ergebnisse der Enzymforschung, 7, 210 (1938). 
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no addition COJO^ = 0-7 to 1-0 

after addition of catechol . . . „ — 0 ‘3 to 0-4 

after addition of catechol* -[■ hydroquinone ,, =0. 

This means that the oxygen used or trans])orted by tlie catechol 
gives rise to no carbon dioxide. TTydroquinuiie iiiliibits tlie 
original carbon dioxide formation and therefore apparently 
displaces the natural substrate of the respiration. 



Eig. Oxygen requirement of green Leaf extract in tlio dark. 2 c.c. extract. 
20°, pH 6'5, (ias space, air; potash la vessel. 


Both the suspended matter and the liquid in tlie green extract 
take up oxygen. When those are separated by centrifuging at 
pH 6-5, the pH of the extract, ami catechol and hydroquinone 
are added to both fractions, about a quarter of the oxygen 
requirement is founef in the sediment and three-quarters in the 
liquid. If centrifuging is carried out at stronger acid reaction, for 
example, at pH b, a large fraction of the phenol oxidase sedi- 
ments, The sediment then contains, in addition to the phenol 
oxidase of the suspended matter, some also which has been 
precipitated by the acid from tlic liquid. If it is required there- 
fore, as in the following photochemical experiments, to separate 
the phenol oxidase of the suspended matter from that of the 
liquid, the green extract must be centrifuged at pH 6 '5. 
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3. Action of light on the oxygen uptake of green leaf extract 

In order to test whether the oxygen uptake of green leaf 
extract is sensitive to light we shook In air the same amount of 
an extract in a darkened and in an illuminated vessel side by 
side, 'dn other experiments wo used only one vessel, and alter- 
nately darkened it and exposed it to light. The second method 
was preferable, but requires the supposition that the oxygen 
uptake in the dark remains constant with time. 



Fig. ‘ifi. Action of light on the catechol oxidation in the green, acdinicnts. 
0-2 mg. catechol, 2 cm.^ suspension. 20°. pll 6-5. Air in gas .space. 


A low- voltage metal filament lamp (11 volt, 38 amp.) served 
as light source, from wliich, with a condenser and lenses, a 
parallel beam was obtained. This entered the thermostat, after 
filtration through 2 c.c, of 20 per cent, acih ferrouvs sulphate, in 
a horizontal direction, and was reflected at right angles by a 
mirror into the manometer vessel. 

We found that the light had no action at 20® and pH 6-5 with 
the liquid obtained on centrifuging, not even after the addition 
of catechol or of catechol and hydroquinone. On the other 
hand, the light was effective in the sediment obtained on centri- 
fuging only when catechol or catechol and hydroquinone had 
been added. The light reduced the oxygen uptake. In Fig. 36 


ACTION OF LIGHT 
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an experiment uying catccliol, and iu Fig. 37, one with c-ateeliol 
plus hydro quinone arc illustrated. Tlie arrange inent in l^^ig. 37 , 
is preferable as it shows t^e constancy of tl\c dark reaction, -dt 
is of theoretical importance, however, that light action took i)]ace 
wlien catechol had been added without hydroquinone. * 

It is to be noted tliat the sediment suspensions must be 
freshly prepared from the leaves and the pH must be (5*2 to (i-a. 



Frc. 37- Action of light on the hydroquinone oxitlation in green 
sedimente. 0-2 mg. catechol, o-O mg. hydrocjuinone, 2 ein.^ 
suspension. 20^’. pH (h5. Air in gas space. 


At pH 7-4 we observed no light action, and this is remarkable 
since the oxygen uptake in the hydroquinone oxidation in the 
dark is the same at pH 6-4 as at pH 7-4. Further, wc found no 
light action when the suspension had been kejjt 24 hours in ice, 
whilst the oxygen uptake in the hydroquinone oxidation in the 
dark was unaffected by the time of keeping. The oxidation 
of hydroquinone iu the dark and the inhibition of the oxida- 
tion in the light are therefore processes which differ in their 
susceptibility. 

Since, as was found later, chloride is a ‘co-enzyme for the 
hght action, 0'05 per cent, potassium chloride should he added 
in all experiments to the green suspensions. In the experiments 
shown in Figs. 36 and 37 the green sediments were not waslied 



206 PHOTOCHEMICAL REDUCTION OF QUINONE [Ch.X}|:,§3 

with water, and so the residual liquid provided enough chloride. 

As is shown in Eigs. 36 and 37, the oxidation of catechol and 
hydroquinone is inhibited by light. ^The simplest explanation 
of this is that on exposure the reverse reaction takes place to 
that g^oing on in the dark. That is, in light, quinones arc being 
reduced by the green sediments with evolution of oxygen : 

2 o-quinone + 2 H 2 O — 2 catechol + Og, 

2 jp-quinone + 2 H 2 O — 2 hydroquinone + Og. 

It will be shown in the following that this explanation is correct. 

4. Granule suspensions 

The green sediments with which the experiments described 
above were carried out consisted of intact chloroplasts mixed 
with granules. A more homogeneous mateVial is obtained by 
grinding the green sediments with glass balls in closely fitting 
tubes. In this way all the chloroplasts are broken down to gran- 
ules, which have about one-tenth of the diameter of the chloro- 
plasts, without the photochemical activity of the material being 
impaired. 

In order to separate the liquid completely we washed the 
granules three times with water and centrifuged with cooling 
at a speed corresponding to 22,()()() times gravity, the sediment 
each time being treated with the glass balls and made up with 
water to the original volume (press juice volume). As starting 
material for obtaining granule suspensions wc used spinach 
leaves in spring and early summer. From the end of July sugar- 
beet leaves were used until the weather became frosty. It 
appeared to make no difference whether the leaves were freshly 
picked or had been kept for a few days at + 5"^. 

The complete process for obtaining the granule suspensions 
is therefore : spinach or sugar-beet leaves put through a mincer ^ 
leaf pulp pressed through cloth pressed fluid centrifuged at 
1,200 times gravity for five minutes -*> sediment discarded -> 
liquid centrifuged for 10 minutes at 22,000 times gravity with 
cooling sediment ground up with glass balls ^ made up with 
water to the original press juice volume washed three times 



Ch. XX, 1 4] GRAXU LK SUSPKXSIOXS 20T 

in the centrifuge with water under cooling ^ finally made up 
with water to oiie-thiid of the press juice volume clilorophyll 
content of the suspension determined -> suspension diluted ' 
with water so that 1 cm.^ contained O-O mg. (1 micromole) 
chlorophyll. ^ 

For the determination of the chlorophyll, a test portion of the 
suspension was centrifuged at 22,000 times gravdty, the sediment 
triturated with methanol and again centrifuged. In the clear 
methanol solution we determined the absorption for w’ave- 
length 578 m^i, and calculated from that, using the al)sorption 
coefficient r 

^3= 17 — cm_^ 

[mg. chlorophyll J ’ 

the concentration c of the chlorophyll fi o]]i the light ahsorpt ion 

^ for the layer of^thickiiess 4m- 
^0 


1 ^ 
h 

^ _ In iji r mg. chlorophyll 
1 Id cm.^ 

The photochemical activity of the granule sus]jension de- 
creased on keeping in the ice box. To stabilize it we added 
one-tenth of its volume M/2 phosphate, jdl 0-21 aud oue-tentli 
of its volume 0-5 per cent. KOI. In this medium the decrease in 
activity at 5° amounted to about 15 per cent, in 24 hours. 

In order to obtain material for the winter months, wc trier! 
to prepare active dry preparations. On freeze drying, the 
granule suspensions lost about half of their photochemical 
activity, and on keo|ung the dry powaler the activity further 
decreased. No better results were obtained by freeze drying 
the whole leaves. Fresh material must therefore be used, 

W. Menkcf determined the composition of the chloropla.sts 
from which the granules were obtained. He found 48 per cent, 
protein, 37 per cent, lipins, and 8 per cent. ash. Included in the 
lipins was 8-6 per cent, chlorophyll. In the granules we found: 
9 per cent. Chlorophyll, 

t W. Menko, Zeitschr.f. physiolog. CImn. 257, 43 {1938); 263, 100 (1940). 
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3 per cent. Ash, 

0-3 per cent. Phosphorus, i.e. 1 mole P per mole chlorophyll, 

O'l per cent, iron, i.e. 0-18 mole iron per mole chlorophyll, 

0*016 per cent. Manganese, i.e. 0*029 mole manganese per 
mole chlorophyll, 

0*0068 per cent. Zinc, i.e. 0*010 mole zinc per mole chlorophyll. 

5. Photochemical reduction of quinone 

The purest quinone commercially obtainable contains an 
impurity which is dark coloured and which is poisonous. We 
removed this by distilling the quinone in steam according to 
the method of Vanino. The bright -yellow crystals which 
solidified in the condenser were dried quickly in vacuum and 
were dissolved without warming to give a 1 per cent, solution. 
When water is used as solvent the bright-yelld'w solution quickly 
darkens and contains a substance which reduces or completely 
destroys the photochemical activity of the granules. This 
substance, the formation of which is not caused by the action 
of air, is not formed if the quinone is dissolved in N/lOO sul- 
phuric acid. The latter was therefore used as solvent. Only if 
these precautions are taken would it be possible to reT^eat the 
following experiments. 

If quinone is added to a granule suspension which has been 
saturated with argon at pH 6*5, there is no action in the dark 
(only traces of carbon dioxide are evolved). Exposure to light 
from a metal-filament lamp causes evolution of oxygen, the more 
intense the light the greater the evolution, till the quinone 
has been used up, 80 per cent, to 90 per cent, of the oxygen 
required by the equation 

2 quinone -|- 2 H 2 O — 2 hydroquinone + O 2 

is then evolved (Fig. 38). The reaction proceeds very slowly 
or not at all at pH 7*4. The suspension should not be exposed to 
light before the addition of the quinone. Exposure in the 
absence of a photochemical substrate is harmful to the granules. 
The experiment illustrated in Fig. 38 was supplemented by the 
following tests. 
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1. Tlie granule suspension was exposed to light as described, 
but m the absence of quiiione. No pressure change took place. ' 

2. With yellow phoapjiorus in the inner vessel ]io pressure 

change was observed on exposure, tluis ]iroving that the eras 
was oxygen. » 

3. When 10 mg. Na^SO^ and 0-1 e.c. N/10 H^SO, were added 
to 2 c.e. of the granule suspension and the mixture centrifuged, 



Fig. 38. Photochemical reduction of quinone by green granule?!. 2 cm.® granule 
suspension containing 0-9 mg, ^ 1 micromole chlorophyll. M/20 pliospliato ; 
pH fi*5; 0-0.5% KCl; 20“ ; gas space argon. At f,, 2 mg. quinone ~ 18-5 inicro- 
moles quinone in 0-2 cm.® N/lOO H 2 SO 4 added and exposed to light. 

a clear liquid was obtained. The quinone in this was titrated 
iodometrically by the method of Valeur.j When the experi- 
mental solution containing quinone had been exposed to liglit 
till the oxygen evolution had ceased, the quinone was shown to 
have disappeared, wliilst in the control experiment carried out 
in the dark, it could be recovered completely. 

Corresponding experiments with o-benzoquinone could not be 
carried out owing to the instability of this substance, hut /3- 
naphtlioquinone sulphonic acid, a stable 0 - quinone, was reduced 
by the green granules on exposure, with the production of 
oxygen. In view of this, and because the oxidation of catechol 
by the green granules is inhibited by light, it must be assumed 

f Valour, Com'pt. Emd. 129, 552 (1899). 

P 
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that o-benzoquinone like ;^-beiizoqiiinone is reduced with 
evolution of oxygen. 

It is to be expected that any respb’ation, the oxygen trans- 
porting enzyme of which is a phenol oxidase, will be inhibited 
by light, for Raperj has shown tliat o- quin ones arc formed as 
intermediate products. On the other hand, in spite of repeated 
experiments, we have never observed that the respiration of 
green granules was inhibited by light in the absence of catechol. 

6. Reaction equation 

The following equation for the photochemical reduction of 
quinone : 

2 quinone -f 2 H 2 O = 2 hydroquinone 02—52,000 cals, 
is an expression of the overall reaction only, and no attempt ia 
made to specify the mechanism. Sensitive enzymes are obviously 
cdiicerned in the process, since the photochemical activity of 
the granules decreases to half on warming to 40^^ for ten minutes. 

At 50° the activity disappears entirely after ten minutes. 
Changes in the chlorophyll or agglutination of the granules do 
not appear to take place under such conditions. 

The above equation necessitates the view that the granules 
act as catalysts. Each constituent of the granules may react, 
but no component may be used up. Moreover, each change 
taking place in the granules must be reversible. 

Chlorophyll is not used up in the quinone reduction. If 
chlorophyll had reacted with the quinone, then in experiment 
II of Fig. 39, for example, an amount of chlorophyll 92 times 
that of the original amount would have been built up during 
the reaction, for in this experiment a weight of granules con- 
taining only 0-2 micromole chlorophyll was used, whilst 18*5 
micromoles quinone w^ere reduced. 

In the same experiment also the more general question as 
to whether any component of the granules is used up in the 
photochemical reduction of quinone is answered. In experiment 
II of Fig. 39 the weights of added quinone and granules were the 

t IT. S. Raper and co-workers, Bioch. Journ. 19, 84, 92 (1925}; 21, 1370 
(1927), 
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same. If any hypothetical substaiico reacting w ith the quinone 
were to be used up, then the tot.al anioiuit of the granule sub- , 
stance would have to re^^ct if this hypothetical substance bad 
the same molecular weight as the quinone, and if its molecular 
weight were greater than that of the quiiione, whicli iw ould 
probably be the case, then more than the total granule weight 
would be required. We therefore consider that the experiment 



Fig. 39. Photochemical reduction of quinone witli varying amounts of 
granules. 20“ ; M/20 phosphate; pH (v5; 0 0.'5% KCl ; gas space argon. 
At fu 2 mg. = 18-.5 mieromolfts qninone in ()•2 cm. M/100 H,,iS ()4 added. Exposed 
to red light of A greater than, (j 10 m^L. Curve 1 : 2 cm.“ granule suspension 
containing 10-6 mg. dry weight and 1 micromole chloropl’iyh- Curve 11:2 cm.® 
granule suspension coiitaming2“l mg. dry weight and 0-2 micromole chlorophyll. 

proves the catalytic nature of the reaction and justifies the 
above equation. 

The fact tliat the oxygen formed is only 80 per cent, to 90 per 
cent, of the theory instead of 100 ])cr cent, is due to the oxygen 
uptake by the granules. Though not negligible this is small with 
intensive illumination (experiment I, Eig. 39). When the gas 
space contains air instead of argon, the uptake of oxygen, 
and therefore the deficit in phoiochemically produced oxygen, 
becomes greater. 

The oxygen uptake cannot be considered as thcreverse reaction 
to that of the photochemical one. It is not a dark reaction 
between molecular oxygen and hydro quinone, for the granules 
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take up oxygen in the absence of hydroquinone, and if hydro- 
quinone is added in the absence of catechol the oxygen uptake 
is not increased. Moreover, if equal amounts of hydroquinone 
and quinone are added together the rate and the amount of 
oxygeh evolution are exactly the same as when quinone alone 
is added (Fig. 40). 

The value of 52,000 calories shown in the equation as being 
required for the production of 1 mole oxygen is arrived at from 
the amount of light absorbed by the chlorophyll. The intensity 



Fig. 40. Photodiemical reduction of quinone with addition of hydroquinone. 
20°; M/20 phosphate; pH 6-5; 005% KCl; gas space argon. 1 micromole 
chlorophyll per 2 c.c. granule suspension. Continuous line : + 2 mg. quinone 
dissolved in 0-2 cm.^ N/lOO H2SO4. Crosses: +2 mg. quinone +2 mg. hydro- 
quiiione dissolved in 0-2 cm.^ N/lOO HgS04, 


of the light determines the rate at which the evolution takes 
place. When the light intensity is kept constant’ and the con- 
centration of the granules varied, the rate of evolution is 
greatest when the concentration of the granules is sufficient to 
produce complete absorption. 

Quinone itself absorbs visible liglit only in the blue region, 
whilst all regions of the visible spectrum arc effective for the 
quinone reduction. With our technique the light absorption by 
the quinone in the blue region was negligible in comparison 
with that by the chlorophyll. 
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Finally it may be mentioned that up till now only two of the 
reacting substances have been determined, the qninone used up ’ 
and the oxygen evolved.. It would be desirable for the sakd of 
completeness to determine also the hydroquinonc produced in 
the reaction. 


7. Co-enzyme 

When washing the green granules willi water in tlic course of 
their preparation by centrifuging the activity decreases, and 



Fia. 41. Reactivation of washed granules by chloride. 1 micromole chloro- 
phyll per 2 cm .3 granule suspension. 20° ; M/20 phosphate ; pH B'/i ; gas space 
argon. At zero time 2 mg. quinone dissolved in 0*2 cm.^ N/iOO H 2 SO 4 added. 

after three washings it disappears. If, however, cell Iluid is 
again added to the suspension of the granules the activity 
returns. Addition of^cell fluid to the extent of a oOOtli part of 
the volume of the granules produces considerable reactivation, 
and addition of one-tenth of their volume reactivates them 
completely. Addition of excess of cell liquid is not desirable, 
since it uses up quinone in a dark reaction. Excess of cell fluid 
therefore causes a decrease in the photochemically produced 
oxygen calculated on tlie basis of the amount of quinone added. 

The active substance of the cell fluid is stable to boiling, and 
is nothing more or less than chloride which is present to the 
extent of 0-08 mole per litre. The photochemical activity of 
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washed granules can bo regenerated therefore by the addition 
of potassium chloride (Fig. 41). N/5000 causes appreciable 
activation, and N/150 makes the reacf'iivation complete. 

Although chloride is the natural activator in the cell fluid it 
can be replaced by other salts such as bromide, iodide, and 
nitrate. Chloride and bromide have about the same activity, 
iodide and nitrate are considerably less active. Fluoride, 
thiocyanate, sulphate, phosphate, and all cations tried were 
inactive. The light absorbed by the chlorophyll is therefore 
only effective in the presence of certain anions — a finding which 
shows how rash all previous theories of the mechanism of 
carbon dioxide assimilation have been. 

When chloride activates it probably does not react with the 
qiiinone, as Ave have proved that the photochemical reduction 
of ferric salts discovered by Hill’l’ likewise does not take place 
in the presence of washed granules, but only after addition of 
chloride. Instead of ferric oxalate we used potassium ferri- 
cyanidc as the iron salt, and the photochemical reduction of this 
substance by the green granules, like that of quinone, can be 
observed and investigated by manometric determination of 
the oxygen evolved. The pH was 6T to 6-5. The ph jsphate 
buffer had to be sufficiently strong to prevent the acidity pro- 
duced in the reaction 

Fe+++ + H = Fe++ -h H+ 
from lowering the pH below 6T. 

8. Narcotics 

Octyl alcohol in saturated solution inhibits completely the 
photochemical activity of the granules. 'Addition of OT mg. 
phenyluretbane to 1 cm.® of the granule suspension inhibits to 
the extent of 50 per cent. The concentration of the phenylure- 
thane in the suspension thus amounts to 
6*1 X 10"^ mole/iitre. 

This is the half- value concentration J for the inhibition of carbon 
dioxide assimilation by intact Ohlorella. 

t Robert HiU, Proc. Royal Soc. B 127, 192 (1939), also introduction to this 
chapter. 

t 0. Warburg, Bioch. Zeiischr. 100, 230 (1919), also Chapter II of this book. 
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When, therefore, the cell structure and the chloroplast struc- 
ture are destroyed, the green granules still retain tlie substances , 
necessary for the photo -rpacti on as they arc hi vivo. Enzyiues, 
both soluble and insoluble, are not mhil)ited by saturated 
solutions of octyl alcoliol and plienylureiliaiie added sc^ as to 
produce concentrations ten times greater than the above half- 
value concentration. 

9. Phenanthroline 

Substances which react specifically and reversibly with heavy 
metals, such as hydrogen cyanide and cysteine, arc oxidized by 
quinonc (with carbon dioxide evolution) at the temperature 
and pH of our experiments, so that their effect on the quinonc 
reduction cannot be determined. On the other hand, wc could 
use carbon monciKidc which docs not rcacd- under tliese con- 
ditions with quinonc. When we filled the gas space in the mano- 
meter with carbon monoxide instead of argon we observed tlie 
same rate and the same end point for tlie oxygen evolution. 
Carbon monoxide does not therefore react with the catalysts 
of the photo -reaction. 

Phenanthroline prepared in 1898 by Fritz Blauj is another 
heavy metal complex-forming substance stable to quinone. 
Blau found that this compound forms stable complexes with 
iron, nickel, cobalt, and zinc, but not with manganese. In each 
case three molecules of phenanthroline are combined with the 
heavy metal ion. 

Phenanthroline inhibits the photochemical reduction of 
quinone by green granules at very low concentration (Kig. 42). 
For example., if mg. (0-085 micromole) phenanthroline 
hydrochloride (molecular weight, 235) are added to 2 crn.’^ of 
the granule suspension containing 1 micromole chlorophyll, 
the inactivation is 50 per cent. Twice this amount of phenan- 
throline produces complete inactivation. 

This amount producing complete inactivation J could there- 
fore only combine with a small fraction of the chlorophyll 

^ Fritz MonatskeftefurChemie[mS). _ . , . 

t Calculated for the metal contents of the granules as given in section 4 of 
this chapter. 
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whether it is assumed that one or three molecules of the sub- 
stance react with one of chlorophyll. The cause of the inhibition 
cannot therefore be a reaction with chlorophyll. 

Again, the amount of phenanthroline producing complete 
inhibition would not be sufficient to combine with all the iron 
in the granules on the assumption that three molecules of 
phenanthroline combine with one atom of iron. On the other 



Minutes in I'lghb 


Fig. 42. Inhibition of the photochemical qiiinone reduction by phenanthroline. 
2 era.® granule suspension containing 1 micromole chlorophyll ; M/20 phosphate ; 
pH 6-5; 0-05% K.C1; 20°. Gas space argon. At zero time 2 mg. quinone in 
0-2 cm.® N/lOO H 2 SO 4 added. 

hand, this amount of phenanthroline would suffice to combine 
with all the zinc in the granules. Manganese need not be con- 
sidered, because, as has been shown above, this metal does not 
form stable complexes with phenanthroline. 

The phenanthroline inhibition is reversible. If the extent 
of the inhibition is first determined, and then excess of zinc 
sulphate is added (from a second side tube), the rate of oxygen 
evolution rises again to the uninhibited value. Ferrous sulphate 
also reactivates, but not so completely as the zinc salt (Fig. 48). 
When the metal salt is first mixed with the phenanthroline and 
then the granules are added, not only zinc, but also salts of 
divalent iron, cobalt, and nickel protect the granules completely 
from the effect of phenanthroline. Thus only the free phenan- 
throline possesses the inhibitory action. 




Ch. XX, § 9] INHIBITION BY PHENANTHKOLINE 217 

In the reactivation by metal salts it is to be noted that the 
amounts of the metal used must he much greater than corre- 
spond to the ratio 3 ph^nanthroline : 1 metal. In Fig. 43, .for 
example, the ratio is ten times greater than this. It cannot bo 
concluded therefore that the reactivating metal salts are Activa- 
tors of the photo-reaction. The reactivations show only that the 



Fia. 43. Inactivation, of the granules by phenanthroline, and reactivation by 
zinc sulphate or ferrous sulphate. Quantities as in Fig. 42. 

phenanthroline inhibits the reaction reversibly and tliat the 
phenanthroline inhibits only when it is in tlie free state, and not 
when bound to metal in the granules. This obviously indicates 
that the component of the granules with which the phenan- 
throline reacts is a heavy metal, and it follows from what has 
been said above that this component can only be zinc or a part 
of the iron in the granules. The view that the phenaiitluoline 
inhibition may possibly be a narcotic inhibition cannot be 
upheld owing to the very small half-value concentration which 
is less than 4-2 x 10-^ mole/litrc. 

Phenanthroline also inhibits in very low concentration the 
photochemical reduction of carbon dioxide by surviving 
Chlorella. Phenanthroline does not inhibit the catalase in green 
granules and this, as with all catalases, is inhibited by cyanide. 
The heavy metal of the green granules which we assume reacts 
with the phenanthroline cannot therefore be the heavy metal of 
the granule catalase. 
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10. Sensitivity towards acid 

• When one -fiftieth of its volume of 2 M acetate buffer of pH 4 
is added to an aqueous suspension of ^le granules containing 1 
micromole chlorophyll per cm.®, the pH becomes about 4-2. 
If the^solution is centrifuged and the sediment of granules is 
suspended in M/20 phosphate of pH (3-5 containing potassium 
chloride, the photochemical activity on addition of quinone is 
almost zero. Addition of the supernatant liquid to the inactive 
granules docs not bring back the photochemical activity. 

The supernatant liquid contains two -thirds of the zinc in the 
granules, but only onc-fifticth of the iron. It also contains a 
substance fluorescing in the ultra-violet and having absorption 
bands at 270 and 340 npi. The absorption in these regions of the 
spectrum was so great that it could be measured in a layer of 
the liquid 1 cm. thick. It is to be noted that the granules must 
be washed with water before the addition of the acetate buffer 
until the washings show no ultra-violet absorption. 

11. Surviving Chlorella 

Since quinone permeates into living cells, in view of what has 
been reported in the previous chapters, it was to be expected 
that surviving green cells would photochemically reduce quinone 
like the separated green granules. Tor the sake of completeness 
the results of an experiment with surviving Chlorella are re- 
corded. The technique was the same as that used with the 
separated granules (Fig. 44). 

In this experiment we found an important difference in the 
behaviour of the Chlorella as compared with the green granules. 
Chlorella in the presence of quinone evolved ’considerable 
amounts of carbon dioxide in the dark. In five minntes this 
amounted to about one -fiftieth of the volume of the Chlorella. 
In comparison with the photochemical oxygen evolution, which, 
as can be seen from Fig. 44, amounted to 1/2 to 1/1 of the 
Chlorella volume, this dark reaction is negligible. It, however, 
becomes relatively greater as the light intensity decreases, and 
can, therefore, with w^eak illumination become greater than the 
oxygen evolution. At low light intensities it could possibly, 



Ch. XX, § II] SURVIVING CIILORELLA 219 

therefore, be an intermediate product of tlie quinonc reduction 
2 quinone + H,0 + CH,0 = 2 hydroquinone + CO, 

CO/+ H,0 =- CH,0 + Oj 

2 quinone + 2H,0 ^2Tydroquino;;;; +“6,,'> 



10 20 30 ' 40 ^0 60 

— Minutes in light 


Fig. 44. Photochemical reduction of quinone in surviving Chlorella. 2 cm.* cell 
suspension containing 100 mm.* or 25 mm.* cells. 20° ; argon ; M /20 phosphate ; 
pH 6-5; 0’0.5% KCl. At zero time 2 mg. — 18-5 micromoles quinone added. 


Under these circumstances the photochomioal quinonc 
reduction might be the result of a dark and a light reaction 
which have been long recognized as taking place. 

In experiments with the cell-free granules, however, the 
formation of carbon dioxide as an intermediate product is 
excluded, because ^Iie separated gianulcs arc incapable of 
reducing carbon dioxide photochemically. In addition to the 
many advantages which the separated granules jiossess over 
surviving cells as experimental material, it can also be said that 
the granules give less equivocal results. 
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’ THE QUANTUM REQUIREMENT OF CARBON 
DIOXIDE ASSIMILATION 

This work completed in the spring of 1945 is as yet unpublished 

According to Robert Emersonf when green algae are exposed 
to light, carbon dioxide is actually evolved in the first few 
minutes and not absorbed. This photochemical evolution of 
carbon dioxide was claimed to be considerable. According to 
Emerson it had been previously reckoned as oxygen in all 
manometric determinations of carbon dioxide assimilation and 
was responsible for the yields being one-fifth too high. Accord- 
ingly the photochemical yield in carbon dioxide assimilation 
was not really 0-25 as had been thought since 1923, but rather 
0‘083. On this basis the quantum requirement for the reduction 
of a CO 2 molecule would not be 4 but 12. 

1 . Refutation of Emerson’s views 

I disagree with Emerson’s findings in two respects. Firstly, 
according to Emerson the pressure changes, irrespective of their 
origin, were greater at the beginning of the exposure than later. 
Secondly, he found that the assimilation quotient C()2/02 was 
different at the start from what it was later; actually it was 
markedly positive at the beginning, whilst it eventually became 
negative, and reached a value of nearly —1. This reversal of 
effect took place during the first ten minutes of the exposure. 

To check this finding 1 first arranged for I"". KuboAvitz to 
repeat the 1923 experiments with a modified technique which 
allowed of the pressure changes being determined at short time 
intervals. In these experiments Ave used Chlorella in Knop 
solution saturated with 10 per cent. CO 2 and 90 per cent. O 2 by 
volume, rotating circular manometric vessels and differential 
manometers arranged so that the pressure changes could be 
read without stopping the rotation. 

For checking the second part of Emerson’s work I developed 
t Cf. section 9, Chapter XII. 
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a manometrie method by wliich the as^>iinilatiou (nu)tiont 
CO 2/0 2 could be determined at tiine intervals ot 5 to 1 0 mijuites. . 

In order to be quite ^plear on tlie problem, it should bft re- 
membered that the photochemical yield in the carbon dioxide 
assimilation is dependent on both internal and external <‘on- 
ditions. There are, therefore, many ‘yields’, but as in tliei-mo- 
dynamies, in this case only the maximum yield for the energy 
change is of scientific interest. 

The conditions of culture of the cells is a decisive factor in 
the investigation of the problem. Dead cells give a photo- 
chemical yield of zero. Pure cultures may be pure in respect of 
their origin, but may not be pure in respect of function. Usually 
we have a mixture of dead and living, or functioning and non- 
functioning cells, and if it is required to measure the maximal 
function of the c%lls there is no otlier way than to vary the 
conditions of culture till the function can be no further in- 
creased. 

2. The course of the pressure changes with time 

In Figs. 45 to 48 the course of the pressure changes with 
time, using the 1923 method, is graphically illustrated. As can 
be seen, the pressure changes in the dark give a straight-line 
graph. On exposure, after a short transition period, a straight 
line is again obtained. The slope depends on the light intensity. 
We have varied the light intensities within a factor of 9, and 
have chosen them so that tlie pressure changes remained 
negative at low intensities and weakly or strongly positive at 
high intensities. 

From the ‘graphs it can he further seen that usually the 
pressure changes in the transition periods are such as w'ould be 
expected from gas equalization conditions. On exposure to 
light the dark reaction persists for a few minutes, and on 
darkening, the light reaction likewise goes on for a short time 
(non-continuous part of the curves in Figs. 45 to 47). Thus in 
the first few minutes of darkness we obtain pressure changes 
corresponding to those missing in the first few minutes of ex- 
posure. Under these conditions it is immaterial how the yields 
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are deteniiined, whether from the stationary light and dark 
^ values, or from the total experimental times including both 
transition periods. The results of both methods of calculation 
are given ; within the limits of error of the determinations they 
are the same. 

Fig. 48 only shows disagreement. The pressure changes 



Fig. 45. 10°. 578 — 5*40 mm. ^ J = 0-158 micromole qiiaatum/ram. 

1/^ calculated from the stationary states: 3-96. 1/^ ealculated from the total 
experimental time: 3-60. 


on darkening in this case are those to be expected from the 
gas equalization conditions, but the pressure changes in the 
first minutes of exposure are the opposite from those to be 
expected; they are greater than those in the stationary state 
following. In this case it is not immaterial how the yields are 
calculated. A higher quantum requirement is obtained from 
the light and dark values than from the total time of experi- 
ment. 

This is the ‘Emerson effect'. We have observed it only 
occasionally, and then only when high light intensities were 
used. It is probably due to the pressure variations resulting 
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from bubble formation and the conditions favourable to this 
are when negative pressure clrangos suddenlv change to positive, - 
as happens when high li'jht intensities are'being used, in our 
new technique— tlie technique used for y determinatious— «e 



Fig. 46. 10°. 57 S nijn. — 5"1() ./ ~ O'. ‘13 niirToinolo quautum/min. 

lj<ff calculated from the stationary states: 4-5. Ijif) caleulateil fronf the total 
experimental time; 4'6. 


have never observed either bubble formation, or, at any time, 
the Emerson effect. 

3. The photochemical yield 

If it is desired to'*calculate the photoclieinical yield from the 
pressure changes and the absorbed light energy, the assimilation 
quotient 

^ of 

must be known, since it appears in the formulaf 

V _ 

t 0. Warburg, Bioc.h. Zeitschr. 152 , 51 (1U24), 
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As is shown in the following section, 


y = -0-93. 

We have used this value to calculate the vessel constant! 
w'hich is given in the legends to Figs. 45 to 48. 

The light intensities J are also noted. These values correspond 



Fig. 47. 10°, 578 iriju,. = 5-40 mm.^ J = 0'75 raicromole qiiantum/min. 
l!<f> calculated from the stationary states: 5 03. l/<^ calculated from the total 
experimental time: 4-70. 


to the intensities of the absorbed light, since in all cases there was 
complete absorption. 

If J is expressed as micromole quanta/ininute, then in the 
calculation of t/>, the photochemically evolved oxygen must also 
be expressed in micromoles. The formula for the calculation of 
the yield is, therefore, 


'I^p\ 111 


A^Wlight V 

i^/iiark. 


22*4 J’ 


All the quantities in this formula are given in the curves and 


f 0. Warburg, Bioch. Zeitschr. 152, 51 {1924). 
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legends of Figs. 45 to 48, so the various yields corresponding 
to the different parts of the curves can be calculated. 

Again, as in 1923, we^ obtain a quantum number 4 which, 
with increasing light intensity, tends to increase for tlie reasons 
given above. 

However, the quantum number 4 is not, as has often been 



Minutes 

Fig. 48. 10^ 578 m/x. -- 5-40 mm.^ J = 1-42 micro.nolo quantum/min. 
calculated from the stationary states: 5-56. i/<^ calculated from the total 
experimental time; 4-4.o. 

erroneously stated, ^the thermodynamically possible limit. It 
is the experimental limit which we previously obtained and 
which could not be lowered by any variation in the conditions 
of culture. I am satisfied that the quantum number 4 is correct 
for the physical or chemical mechanism of the photo-reaction. 

Note 1. Figs. 45 to 48 also provide some evidence in relation 
to the frequently discussed question as to whether in calculating 
the yield it is correct to subtract the ‘dark’ pressures from the 
‘light’ pressures, i.e. whether our assumption that the respira- 
tion on exposure to light (which cannot be determine ) is 

5111 Q 
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same as that in the dark. An examination of the figures shows 
how the ratio respiration :i)hoto-aotion differed in the four 
experiments. One could hardly havq found almost the same 
yields from the results of the four experiments if the principle 
of the^method had been at fault. 

A'oie 2 , In contrast to the assimilation quotient, the res- 
piratory quotient which we determined gasometrically j in 1922 



Fig. 49. Manometer vessel for tho determination of y. The figure shows the 
different fillings of the vessels by which the ratio gas space : liquid volume wos 
altered. 

and found to be —1 does not come into the calculation of the 
photochemical yield. If the pressure changes found in the dark 
have been subtracted from those taking place on exposure, all 
the dark reactions are eliminated, and it is immaterial what 
happens chemically in the dark reactions. 

4. Principle of the y determination 

Chlorella suspended in Knop solution and saturated with a 
mixture of 10 per cent, carbon dioxide and 90 per cent, oxygen 
by volume was introduced into a manometer vessel of the type 
shown in Eig. 49. The total volume of the vessel was 14-47 cm.^, 
and the area of the base about 8 cm.^ The vessel was connected 
with an ordinary Haldane-Barcroft blood-gas manometer and 
shaken with a to-and-fro movement as in our most recent 

t O. Warburg aad E. Negelein, Zeitsekr. /, phyaikalische Chemie, 102, 
236 (1922). 
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method.^ E-ed light 635-675 niju. was used. This came horizon- 
tally through a window in the thermostat and was reflected at 
right angles by a mirror into the vessel. The cell suspension 
was concentrated enough to absorb the light completely. 

The pressure changes occurring when the vessel was shaken 
were read off at intervals of five minutes , first after the addition 
of 5 cm.^ of cell suspension, and then after a further addition of 
3 cm.*"^ of Knop solution, so that the volume of liquid containing 
the same amount of cells was increased from 


5 to -Vp. — 8 cm.'^ 


If the pressure changes on exposure for the same time intervals 
H for Vjp — 5 and H' for = 8, 
then applying our »1 924 equation J the photochemically produced 


oxygen would be 




: H 




( 1 ) 


/ TT! ^UOiX/COa 

^0. = Ti , 


( 2 ) 


and since for the same amount of cells and at the same light 
intensity 


it follows from (1) and (2) that 

^co.X/^o, ^ (4^ 

In this equation the only unknown is y. The equation is solved 
for y, or more conveniently, the values of the ratio H jH are 
calculated fo^ different values of y and the values are recorded in 
a table from which the value of y corresponding to the experi- 
mentally determined ratio H’lH is selected. For our experi- 
mental conditions 

V = U-47 cra,3, = 5-0 cm.^, cm.^ 

and the temperature 20^ 


t Cf., e.g., 0. Warburg, Bioch, Zeitschr, 100, 230 (1919). 
I 0 Warburg, ibid. 152, 51 (1924). 

Q2 


5111 
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f- 

we then obtain 


y 

H'fH 

— 

-1-2 

S-.V' 

-M 

2-72 

-10 

2-35 

~0'9 

212 

-0'8 

2'04 

-0'7 

1-82 


5. Determination of y 

The assumption is made that the conditions are such that 

(3) 

This means that complete light absorption must take place not 
only when the vessel is stationary, but also when the thiclaiess 
of the cell suspension layer is varying during tjie shaking process. 

Two essential conditions arise in this connexion. First, the 
light absorption must be more than just complete. We chose a 
region of the spectrum about 655 m/a for which the light absorp- 
tion coefficient of the chlorophyll is about 72 

mg. chlorophyll 

The surface density of the chlorophyll in the vessel was about 
0-126 mg. chlorophyll /cm. so that in the stationary vessel the 
light absorption amounted to 

1 == == e-'^2xo-i25 e-fl ^ 0*00012. 

Secondly, it was necessary for the movement of the vessel to 
be regular, with a small stroke, so that the thicloiess of the layer 
did not change too much, and the movement had to be fast 
enough so that in spite of the small stroke the agitation of the 
liquid was sufficient to enable the gas exchange to take place. 

Actually we made certain that the above condition (3) had 
been reahzed by varying the shaking of the vessel and the volume 
of cell suspension introduced. 

In these experiments there was fortunately never any frothing. 
This was the difficulty associated with our earlier method for the 
determination of in which the ceil suspension was given a 
rotatory movement. It is recommended therefore that square 
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t 

vessels instead of round ones, and a to-and-fro, instead of a 
rotatory movement, be used in all determinations of (j), 

6. Results 

In the first and second teir-minute periods of exposure found 

y = -0-93. 

This value agrees within the experimental error with our pre- 
vious value y = —0-91 which we obtained with the gasometric 
methodf using longer time intervals and higher light intensities. 
The simplest and most probable view, that the assimilation 
quotient is independent of the exposure time and the light 
intensity was again shown to apply in this case. 

If Emerson had been correct we should have found, as can be 
calculated from his quantum yield, a value for y ~ -ht'O instead 
of —0-93, whilst Jeviations from our value only within the limits 
y — —0*8 to y = —1*2 could be admissible. 

Example. In the vessel: 100 mm.^ Clilorella pyrenoidosa 
suspended in Knop solution saturated with 10 per cent. COo and 
90 per cent. O 2 by volume. Red light, ()35— 675 mg. Tempera- 
ture 20°. For the first 1 0 minutes of exposure we found 
H ^ II mm., H' ^ 24 mni., therefore H'jH - 2*18; 
and in the second 10 minutes 

H 12 mm., W = 26 mm., therefore FE I II = 2- 17. 

From these values, using the table (section 4) for both time 
intervals, y ^ —0*93. 

7. A very simple method for the determination of the 
photochemical yield 

If the energy of the light used in the manometric determina- 
tions of y is measured, the photochemical yield ^ can also he 
obtained for each determination. 

Instead of using the bolometric method, which involves a 
considerable amount of apparatus, I should Uke to suggest a 
chemical method. Chlorophyll, dissolved m dioxan, on being 
t 0. an'i E. Negeteiu, Zeimkr. /. physikclis^U Chenttc, 102, 

236 (1922). 
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exposed to light transports oxygen to suitable acceptors with a 
photochemical yield ^ = 1. If, therefore, into a manometer 
vessel we put some chlorophyll in a layer sufficiently dense to 
absorb completely the irradiating light, we can obtain the light 
energy from the oxygen uptake read off from the manometer 
using the simple relationship 

quanta irradiated — molecules oxygen transported. 

The complete directions for the determination of the photo- 
chemical yield in the carbon dioxide assimilation are therefore: 

A small vessel of the type shown in Eig. 49, having a capacity 
of about 15 cm.^ and base area of 8 cm.^, is fitted with an ordinary 
Haldane-Barcroft blood-gas manometer. A parallel beam of red 
light 635—675 mju obtained from a metal -filament lamp using 
copper sulphate and a red filter is directed to the bottom of the 
vessel at right angles to the base. The fight is completely 
absorbed by the chlorophyll in the cells or in solution. Since the 
light beam has a smaller cross-section than the base of the vessel, 
no light is lost by scattering through the sides of the vessel. 

Into the vessel, which is shaken quickly, but with a small 
stroke, in a thermostat, the following are introduced one after 
the other: 

1. 1 mg. ethyl chlorophyllide and 58 mg. allyl thiourea 
dissolved in 5 cm. ^ of pure dioxan. The gas space contains 
pure oxygen. 

2. 100 ram.® Chlorella suspended in 5 cm.® Knop solution. 
Gas space, 10 per cent. CO 2 and 90 per cent. Og. 

3. 100 ram.® Chlorella suspended in S cm.® Knop solution. 
Gas space, 10 per cent. CO 2 and 90 pQ^" cent. Oo. 

If the oxygen transported by the chlorophyll in dioxan, and the 
oxygen evolved by the algae are determined in turn for the same 
Kght intensity and exposure period, the photochemical yield in 
the carbon dioxide assimilation 

, oxygen evolved by the algae 

^ ” oxygen transported by the chlorophyll* 

This determination of <l> is so simple that it could be introduced 
into an elementary course in physiology. 
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